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This paper reports results of analysis of the OH stretch Raman spectra of aqueous solutions of electrolytes.
Error analysis supports the view that the environment of the electrolyte in the liquid is that of a liquid crystalline
hydrate. Fitting error analysis for a two-state model further suggests that the presence of the hydrated electrolyte
perturbs the structure of the bulk water in the solution. This perturbation is consistent with the results of
previous studies of the apparent density of water in aqueous solutions of electrolytes. The previous studies
showed that electrolytes increase the hydrogen bond strength of the bulk water and thereby cause a shift in
the water equilibrium, which results in a change of the apparent density of water in the solution.

Introduction NaBr, KBr, and Csl as 5, KI and Mggl, Nal 3.5, CsCl 3,
o ) ) and LiCl 2. These hydration numbers indicate the presence of
Raman spectra of glassy states of lithium chloride solutions ey supstantial numbers of intimate ion pairs in the hypothetical
have been interpreted as indicating the presence of two distinct«pyre salt-solvated water” phase. Our approach to this problem
glassy states of water in dilute LiCl solution at low temperature. s heen quite different in that we have used fitting error analysis

The transfer of the solution from the gas-phase liquid droplet 55 an indicator of the state of hydration of the electrolyte in the
to the solid, low-temperature glass must have involved only pyqrated electrolyte subphase.

minimal changes in the chemical environment of the ions. The
cooling rates in the splat cooling procedure used by Suzuki and

Mishima are thought to exceed 1KIs, so only minimal hydrate This apparent phase nucleation may be closely related

strugtural reorganization would b_e expected. ) to the behavior of the amorphous liquid and solid phases
Aliotta et al? were among the first to study the coexistence mentioned above.

of bulk water clusters and hydrated-electrolyte clusters using
Raman spectra of electrolyte solutions. Factor analysis of
attenuated total reflection infrared spectra of solutions of lithium

chloride and nine other electrolytes indicated the presence of
two principal species in the solutions: pure water and salt- ) .
solvated watér Preliminary infrared studies included solutions EXPerimental Section

of the chlorides of sodium, potassium, and cesfurh. All Raman spectra were recorded on a Jobin Yvon Horiba

Max and Chapadésised extrapolation beyond the maximum | ahRam Spectrograph. The spectrometer is equipped with an
obtainable salt concentration to obtain “pure salt-solvated water 1800 gr/mm holographic grating. Excitation for normal Raman
spectra”. This approach gave hydration numbers for NaCl, KCl, studies was provided by a 632 nm Helium/Neon laser. The
detector is an ISA air-cooled CCD. All spectra were collected
* Corresponding author. E-mail: ralphd@chem.fsu.edu. at 298+ 1 K maintained by a circulating isopropyl alcohol

It has been proposed that ionic amorphous hydrates of HCI
nucleate as distinct phases during the conversion of ice to HCI

Results reported here are consistent with the earlier reports
and suggest that the electrolyte species presehM solutions
are liquid crystalline clusters of hydrated ion pairs.
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Figure 1. (a) Experimental and curve fit spectra for 2.44 M KF. (b) Fitting error for panel a as a function of wavelength.

bath. Each spectrum is the result of four 20 s exposures which TABLE 1: Comparison Values for lon Hydration and
were ensemble averaged. Experimental Fit Minima

Spectral quantitation was made possible by use of an external concentration _ _
standard. Both the standard and the sample were illuminated (mol/L) at thaU?_n A «’Tjnlotn ?;/erage ave_ragle
simultaneously by means of a split cell cuvette. CP@s used error min - hyaration nydration fiterror . noise
as the stanlerdY The fiber orp))tic probe is configured in a Slectolyte  (Rvalue) number number (%) signal (%)

backscattering geometry. The probe was centered flush to the LICl  3.95(12) 4° 6° 0.255  0.090
; LiBr ~4.0 (~14) 44 617 0.247 0.440
side of the cuvette. s 5
hemical h d f \drich d f th NaCl 5.45 (9) & 6 0.609 0.153
. C emlca-S Were. purchase -rom Aldrich and were o t-e NaBr 3.95 (\,15) 67 616 0.262 0.078
highest purity available. Solutions were prepared by serial Nal 6.10 (12) &7 6lo 0.353 0.449
dilution from stock. Concentrations were checked by comparing KF 4.34 (12) 6° 6°122  0.209 0.143
refractive indices to literature valué%!l RbF 5.30 (12) & 62021 0.102  0.308
Results and Discussion spectrum in this case are less than the noise-to-signal ratio.

Figure 1b presents the fitting error for the graphic in Figure 1a
as a function of wavelength. The fitting errdgdgn — lexpy for
the 2.44 M spectrum is near the maximum error in the series of
KF spectra. A major source of the fitting error is small shifts in
the equilibrium structure of the bulk water after an increase in
_ _ hydrogen bond strength in the bulk water due to the presence
s = A alyarer ™ (1~ ®leicrroyd @ of the electrolyté? 2.44 M is the concentration of the specific
heat minimum in KF solution as a function of concentration at
4298 K23 The locus of the specific heat minimum may cor-

ion pair. The procedure for determining this concentration is respond to a weak continuous transition in the structure of the

discussed belowa is a parameter that scales the proportion of liquid.**
the two “standard” spectrg3 is an intensity parameter; it The trends in botho and § with concentration for KF
accounts for the influence of the structure of the solution on solutions are representative of other electrolytes and are shown
the Raman intensities of the components of the solution. in Figure 2. Figure 2a includes the straight line that reflects

In fitting spectra for a series of electrolytes, we found minima as a strictly linear function of concentration. The plods a
in the fitting error per spectrum when thgcroyesolution had ~ function of concentration (Figure 2b) shows that adding
R, the electrolyte concentration [(mol8)/(mol electrolyte)], electrolyte to water increases the Raman intensities of both the
corresponding to the hydration number of the electrolyte (see Water and the hydrated ion pair subphase. Raman intensity is
Table 1). The solution at this concentration is a liquid crystalline proportional to the polarizability change on vibrational excita-
array of hydrated ion pairs. We have assumed that the tion. The initial increase in the value gfparameter followed
concentrated standard spectrum corresponds to this concentraby the sharp decrease indicates that the introduction of KF
tion. These solutions must contain small populations of intimate initially increases the change in polarizability on vibrational
ion pairs and small islands of water. The concentration of both excitation. Above~1.0 M, the trend reverses, and increases in
of these species with reference to the hydrated ion pair subphasé<F concentration decrease the overall intensity of the spectra
is determined by a Boltzman distribution. which is reflected in the decrease th These changes are

The quality of the curve fitting in this series was high. Figure consistent with changes in the apparent density of water in KF
la illustrates the experimental and curve fit spectra for 2.44 M solutiort?. The changes in apparent density of water show that
KF. The intensities of the curves for watet (i) and 4.34 M the structure of the water subphase changes with increasing KF
KF((1-0)lelecirolyid @re scaled using the calculatedsalues for concentration. The values gfas a function of KF concentration
the fit. The differences between the experimental and the fitted show those changes.

The O-H stretch of the Raman spectra of the series of
solutions are quantitatively fit using a linear model based on
the approach used by Suzuki and Mishimnaith the addition
of an intensity parametep:

lwater iS the Raman spectrum of pure watéfiectolyte iS the
spectrum of the electrolyte at the concentration of the hydrate
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Figure 2. (a) o values for KF solution fits with concentration. (B)values for KF solution fits with concentration.
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Figure 3. Minimum in the fit error for (a) KF spectra and (b) LiCl spectra.

Addition of the § parameter allows for observation of the spectrum of the hydrated electrolyte. The fitting error associated
trends in spectral intensity which would be lost if the spectra with this source should minimize at the concentration associated
were normalized (i.e., scaled to 100%.) The fact that fhe with the liquid crystalline electrolyte in the dilute solutions.
parameter applies to both the spectra of the water subphase and For KF the minimum in the average error per spectrum occurs
the hydrated electrolyte subphase shows that the solution hasat R ~ 12, which corresponds to the sum of the hydration
only one refractive index, and there should be no light scattering numbers for fluoride (823 and potassium {8). The spectrum
from the subphases. of R= 12 KF was used as the concentrated “standard” solution

Figure 3a shows the average error per spectrum as the %in eq 1 for KF. At this concentration the solution corresponds
area under the curve versus the concentration of the solutionto a liquid crystalline array of solvent-separated ion pairs, with
that was used as the “standard” for the concentrated spectrumlow concentrations of both intimate ion pairs and electrolyte
for KF. The average error passes through a minimum at the free water. The fact that the error per spectrum minimizes at
concentration corresponding to the hydration number of the the concentration corresponding to the water separated ion pair
hydrated ion pair. suggests that the ion environment in solution, like that in the

In addition to stochastic errors associated with experimental low-temperature glassy statés that of packed hydrated ion
uncertainties, there are two systematic sources of error in plotspalrs.
such as those in Figure 3. It is known from studies of the  Figure 3b shows the average error per spectrum as the %
apparent density of water in salt solutions that the structural area under the curve versus the concentration of the solution
equilibrium in water is shifted by the presence of electrolyfes. that was used as the “standard” for the concentrated spectrum
This means that there will be small shifts in the Raman OH for LiCl. The minimum in the fit occurs when the spectrum for
stretch for the water as the concentration of electrolyte changes.3.95 M R = 12) is used as the “standard”.

Fitting errors associated with these shifts will increase with A plot like those in Figure 3 for KBr solutions did not show
electrolyte concentration. The second systematic source of erroran error minimum. This is presumably because the solubility
comes from the concentration associated with the “standard” limit for KBr at room temperature is below the concentration
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