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ABSTRACT
The freezing of ionic aqueous solutions is common in both nature and human-conducted cryopreservation. The cooling rate and the dimen-
sions constraining the solution are known to fundamentally influence the physicochemical characteristics of the sample, including the extent
of vitrification, morphology, and distribution of ions. The presence of some salts in an aqueous solution often suppresses the ice crystallization,
allowing bulk vitrification during relatively slow cooling. Such a process, however, does not occur in NaCl solutions, previously observed to
vitrify only under hyperquenching and/or in sub-micrometric confinements. This work demonstrates that, at freezing rates of ≥100 K min−1,
crystallized ice Ih expels the freeze-concentrated solution onto the surfaces of the crystals, forming lamellae and veins to produce glass, besides
eutectic crystallization. The vitrification covers (6.8% ± 0.6%) and (17.9% ± 1.5%) of the total eutectic content in 0.06M and 3.4 mM solu-
tions, respectively. The vitrified solution shows a glass-to-liquid transition succeeded by cold crystallization of NaCl ⋅ 2H2O during heating via
differential scanning calorimetry. We establish that ice crystallization is accompanied by increased basicity in freeze-concentrated solutions,
reflecting preferential incorporation of chloride anions over sodium cations into the ice. After the sample is heated above the glass transition
temperature, the acidity gradually returns towards the original value. The morphology of the samples is visualized with an environmental
scanning electron microscope. Generally, the method of vitrifying the freeze-concentrated solution in between the ice Ih crystals via fast
cooling can be considered a facile route towards information on vitrified solutions.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5100852., s

INTRODUCTION

Water is known to form 17 crystalline and three amorphous
solids depending on the temperature and pressure.1,2 While amor-
phous solid water constitutes probably the most abundant form
of ice in space,3,4 the hexagonal crystalline modification (Ih) is
characteristic of the Earth, considering the prevailing tempera-
tures and pressures.5 For this reason, ice Ih is widely studied,
whereas the other modifications have drawn proportionally less
attention. Despite the intensive research efforts and importance
of the problem for many fields of science, understanding the

various facets of water ice(s) behavior remains a matter of ongoing
debate.6–8

Vitrification of aqueous solutions plays a major role in the
natural environment, where vitrified solutions are observed to
behave very differently from the supercooled or crystallized ones.9,10

The process has also attracted substantial interest within the
cryomicroscopy community in which the preparation of biochem-
ical samples in an aqueous glassy matrix opened a large poten-
tial for detailed investigation at the molecular scale.11–14 This
branch of microscopy was established only through Erwin Mayer’s
hyperquenching method, yielding fully vitrified micrometer-sized
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droplets of pure water by very rapid cooling (107 K s−1).15,16 Water
is considered a poor glass forming material as the slower cooling
rates lead to the formation of crystalline ice. One of the most strik-
ing differences between ice Ih on the one hand and liquid water and
amorphous ice on the other consists in the tolerance to impurities:
Ih expels nearly all such substances to its boundaries,17–19 whereas a
solution can be hyperquenched to the amorphous phase so fast that
the impurities vitrify close to their original positions.20

The presence of inorganic salts offers an attractive route to
studying the amorphous forms of aqueous solutions, as, compared
to pure water, these salts lower the homogeneous crystallization tem-
perature and (at high concentrations) increase the glass transition
temperature; thus, the ice crystallization is often suppressed.6,21–23

All alkali chloride solutions nevertheless exhibit a non-glass forming
region, where standard cooling rates of up to about 1000 K min−1

are not sufficient to facilitate vitrification.23–25 Such a scheme
usually accompanies dilute solutions, the ones far below the
eutectic concentration. Around the eutectic concentration, LiCl
solutions are easier to vitrify than the NaCl (and other alkali
chloride) ones, and even the cooling rate of 0.33 K min−1 may suf-
fice for full vitrification.21,24–26 Except for the hyperquenching study
by Hallbrucker and Mayer27 to our knowledge, however, vitrifica-
tion in a bulk solution of NaCl has not been reported thus far. The
cooling rate of 104 K s−1 was needed to produce a 90% vitrified
solution with 20 µm droplets; the remaining 10% was formed by
ice Ih.26

At present, the only viable alternative to the preparation of fully
vitrified salty aqueous solutions relies on cooling solutions in con-
fined volumes, strongly impeding the crystallization of ice. Such a
condition was experimentally obtained either via emulsions28 or by
ensuring confinement in micro- or nanoporous materials.6,29 Freez-
ing NaCl solutions in an emulsion allowed glass transition temper-
ature observation exclusively for pressures above 100 MPa.21 The
hyperquenching of NaCl aqueous solutions in microdroplets yielded
fully vitrified glass solutions at cooling rates of about 107 K s−1 27

and largely vitrified solutions at 104 K s−1.30 In the latter case,
the amorphous structure was found to resemble the structure of
high density amorphous ice even at atmospheric pressure. Homo-
geneously nucleated ice from microscopic droplets in an oil emul-
sion revealed a relationship between NaCl concentration (and thus
the homogeneous nucleation temperature) and preference for the
formation of Ic crystals.31 Compared to ammonium hydrogen-
sulfates, NaCl has not been proven to produce an amorphous
phase in microemulsions.28 Partial vitrification of an aqueous solu-
tion in nanometer-wide capillaries was nevertheless demonstrated
recently.32

The freeze concentrated solution (FCS) threading the ice crys-
tals creates a specific and hitherto not fully described medium whose
behavior is of utmost importance in various fields, including geo-
logical, atmospheric, life, and pharmaceutical sciences. To date,
FCSs have been examined via microscopy33–36 and also characterized
spectroscopically37–40 and calorimetrically,41–43 applying numerous
systems at various temperatures within diverse fields. The FCS was
found to behave distinctly from the impurities deposited from the
gaseous phase.44,45 The impurities segregated from the ice either cre-
ate pools or fill the pores between two ice crystals on the surfaces;
where, however, three ice grains meet in the ice bulk volume, triple
junction tubes (also termed veins) may emerge.36,46 The diameters

of the observed venous filaments formed by deep freezing of NaCl
FCSs in between partly sublimed ice Ih crystals varied from 0.2 to
2.5 µm.47,48

The solutes in FCSs can experience acidity changes as com-
pared to the original solution. We are aware of three reasons for
acidity jumps during freezing: (1) a trivial increase in the concentra-
tions through a decrease in the volume,49 (2) partial crystallization
of the salts,50–52 and (3) acidity changes induced by an unequal dis-
tribution of the ions present between the ice lattice and FCS.49,53,54

The method utilizing sulfonephthalein indicators to evaluate frozen
and lyophilized solutions was developed independently by Shalaev,
Zografi et al.55 and our group;49 in this context, several successful
applications to various systems were described.50,53,56–59 Recently,
the effects of a trivial concentration increase were shown to explain
very precisely the observed changes in the protonation extent for
frozen solutions of acids and bases.60

In this work, sodium chloride was chosen to represent an
ionic compound in an aqueous solution; NaCl is commonly con-
tained in natural waters and also embodies a typical constituent in
buffers used for maintaining the ionic strength and thus the stabil-
ity of biomolecules.112 Seawater, amounting to 96.5% of water on
the Earth,61 comprises a considerable volume of dissolved salts, with
Na+ and Cl− ions being major components. Salty ice is also com-
mon in nature,62,63 and a portion of the sea salt aerosols freeze during
winter.9,64–67

This article elucidates the processes that accompany the freez-
ing of NaCl solutions. We applied differential scanning calorimetry
(DSC), the pH indicator method, and environmental scanning elec-
tron microscopy (ESEM) to establish that ice Ih is threaded by freeze
concentrated eutectic solutions which can crystallize or partly turn
into glass, depending on the cooling rate. The processes are accom-
panied by not only the release of heat characteristic of crystallization
and vitrification but also changes of acidity.

METHODS

The 0.06M and 3.42 mM NaCl samples were prepared by dis-
solving the corresponding amount of the salt in demineralized water.
For the spectroscopic measurements, one of the acid-base indica-
tors was added to the 0.06M NaCl solution. The concentration of
the bromocresol purple (BCP) indicator in the 0.06M NaCl solution
was 3.70 × 10−6M, and the relevant concentration of cresol red (CR)
corresponded to 7.42 × 10−6M.

Differential scanning calorimetry

To perform the calorimetric analysis, we used a Perkin Elmer
DSC 8000 differential scanning calorimeter. Before the measure-
ments, the liquid sample was sealed into aluminum DSC crucibles
and weighted to normalize the measured thermograph. Within the
actual procedure, the sample was first cooled down in the tempera-
ture range between 290 and 100 K at three different rates, namely,
100, 20, and 5 K/min. Subsequently, heating from 100 to 290 K was
carried out, using the rate of 30 K/min. The thermographs were nor-
malized by the solution weights; thus, the ordinates are shown in
units of mW mg−1, with the exothermic events oriented downwards.
In the cold loading procedure, we prepared the frozen sample by
spraying the microdroplets (herein also termed “ice spheres”) into
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a vessel with liquid nitrogen. The ice spheres were then loaded into
the aluminum crucibles, and these were manually closed under the
liquid nitrogen. The weight of the solution was not determined for
ice spheres. A baseline correction was needed in the DSC scans. The
straight line with a slope of the linear part of the thermograph signal
between 120 K and 250 K was subtracted from the measured scan to
correct the sloping baseline and to enhance the visualization of the
changes measured in the heat flow.

Spectrophotometric measurements

The measurements were performed utilizing an Agilent Cary
5000 UV-Vis-NIR spectrophotometer with an Agilent Internal DRA
2500 integrating sphere. The samples were measured in plastic
cuvettes sized 1 × 1 cm2 (Brand UV cuvettes, macro, Cat. No.
7591 70). The cooling process consisted in immersing the sample
into boiling liquid nitrogen at 77 K; the temperature was monitored
using a Pt100 thermometer. The absorption spectra of the samples
were measured in various temperature intervals, with the tempera-
ture gradually increasing. After measurement in the low tempera-
ture interval (84 K–137 K), we tempered the sample in a precooled
bath at 210 K; the temperature was reached via dosing dry ice into
ethanol.

To facilitate the spectroscopic investigation of the acidity
change in the frozen solution, one of the following two acid–
base indicators was used: 4,4′-(1,1-dioxido-3H-2,1-benzoxathiole-
3,3-diyl)-bis(2-bromo-6-methylphenol), also called bromocresol
purple (BCP), and 2-[bis(4-hydroxy-3-methylphenyl)-methyliumyl]
benzenesulfonate, otherwise known as cresol red (CR). Both sub-
stances belong to the class of sulfonephthalein dyes.

BCP can exist in two spectroscopically well-defined forms
between pH 4 and 10. The more acidic form B exhibits the absorp-
tion maximum of λmax 432 nm; the basic form, C, is then char-
acterized by λmax 589 nm. The value of pKa was established to be
6.47 at 303 K; an increase is observable with decreasing tempera-
ture, amounting to 6.51 at 293 K and 6.56 at 283 K at zero ionic
strength.68,69

Cresol red exists in three forms, depending on the pH. All of
these, A, B, and C, have absorption bands in the visible region, with
λmax at 518, 434, and 573 nm, respectively.113 The doubly proto-
nated form, A, represents a very acidic environment; the mono-
protonated variant, B, is associated with neutral conditions; and
the deprotonated modification, C, exists in a basic environment as
the pK1

a equals 1 × 1070 and the pK2
a equals 8.15.71 The CR forms

exhibit a zwitterion structure, and a prolonged conjugated system is
responsible for their colors.72

Hammett acidity function H2−

The pH scale for describing acidity finds use mostly in dilute
aqueous solutions; hence, H2− was employed to quantify the acidity
at a wide scale73 in mixtures of solutions,74 lyophiles,75 and frozen
solutions.50,53 The notation was established to specify the protona-
tion equilibrium of polyprotic acids in such a manner that the sub-
script of the H specifies the charge of the base in question.75 In both
applied indicators, the stronger bases (denoted as the form C) have
the charge 2−; we therefore refer to the Hammett acidity function
H2−. When computing the H2− values, we fitted the spectra of the

pure forms into the measured spectra of the frozen NaCl solutions,
with the relative abundances of the forms B and C denoted as cB and
cC, respectively.

The H2− values were computed using the formula

H2− = pKa + log
cC

cB
.

The absorption spectra of the pure forms in the frozen state (B and C,
respectively) were obtained from the 0.06M NaCl frozen solutions at
the initial room temperature (RT) pHs of 4.16 and 10.00 in the BCP
and 4.50 and 12.1 in the CR. When measuring the BCP-dyed samples
at RT and in the frozen state, we utilized the pKa values of 6.51 and
6.56, respectively; with the CR, the applied value corresponded to
8.15 in both conditions. The pKa values in an aqueous solution may
differ from the frozen solution values; however, H2− values can be
used for comparison in relative terms.76

ESEM

An AQUASEM II environmental scanning electron micro-
scope, namely, a Tescan VEGA device custom modified at the Insti-
tute of Scientific Instruments of the Czech Academy of Sciences, was
used for observing the frozen 0.06M NaCl samples.77 The micro-
scope is capable of representing wet, non-conducting samples under
a pressure of up to 2000 Pa (20 mbar) and a temperature down
to 223 K. The electron beam energy corresponded to 20 keV, the
dwell time was set to 61 µs (768 × 768 pixels), and the beam cur-
rent equaled 80 pA. During the experiments, the air and water vapor
pressures were 300 Pa (3 mbar) and 0 Pa, respectively. We utilized a
specially built scintillation counter to detect the backscattered elec-
trons, and the topography of the sample was investigated with an
ionization detector of secondary electrons.78 The cuvettes and solu-
tion (0.06M NaCl) were the same as those employed for the acidity
assessment. We examined microscopically a piece of ice crystal from
a distance of approximately 0.5 cm under the sample surface, on the
Peltier stage precooled to 223 K.

RESULTS
Differential scanning calorimetry
Cooling the 0.06M NaCl solution

The first exothermic peaks, observed during cooling the aque-
ous solution of 0.06M NaCl at the rates of 100, 20, and 5 K min−1 and
the onset temperatures of 253, 257, and 266 K, respectively, represent
the formation of Ih crystals (Fig. 1). As the total heat flux is propor-
tional to the scan rate, the areas of the indicated peaks are larger
with faster cooling. Moreover, the temperatures at which the hexag-
onal ice freezing starts differ for each scan rate; the faster the cooling
rate, the lower the supercooling temperature reachable. The next
exothermic peaks (shown in the inset of Fig. 1), detected at the onset
temperatures of 233 K and 235 K for the cooling rates of 20 K min−1

and 5 K min−1, respectively, stand for the NaCl/water eutectic crys-
tallization. This implies that the eutectic crystallizes from the super-
cooled liquid, where the supercooling amounts to about 20 K. The
eutectic line in the phase diagram is located at 252 K.79 Eutectic crys-
tallization step is not separated from the Ih crystallization peak at the
cooling rate of 100 K min−1.
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FIG. 1. The DSC cooling scan of the 0.06M NaCl solution, representing the cooling
rates of 100 K min−1 (black), 20 K min−1 (red), and 5 K min−1 (blue). The inset is
approximately 80-fold magnified.

The third thermal effect, reproducibly observable in the tem-
perature interval of 175–205 K, is detailed in Fig. 2. While cool-
ing down the 0.06M NaCl solution at the rate of 100 K min−1, we
observe a heat capacity change with the onset at ∼200 K. Also at
the cooling rates of 20 and 5 K min−1, the heat capacity change is
observed, which is shifted to a slightly higher temperature of ∼205 K,
but much smaller compared to the one found during the fast cool-
ing process (the red and blue curve, respectively, in Fig. 2.). These

FIG. 2. The DSC cooling scan of the 0.06M NaCl solution, representing the cooling
rates of 100 K min−1 (black), 20 K min−1 (red), and 5 K min−1 (blue). The image
embodies a detail of the illustration in Fig. 1. The onsets and ends of the glass
transitions are indicated by arrows having corresponding colors.

phenomena are consistent with the ones expected for the liquid-
to-glass transitions of the remaining unfrozen solutions. That is,
we assign the onset of the liquid-to-glass transition for the freeze-
concentrated solution after freezing of ice and eutectic to be at
200–205 K.

Cooling the 3.42 mM NaCl solution

We performed identical DSC measurements for the 3.42 mM
NaCl solution. The cooling scans of the samples exhibiting
lower NaCl concentrations are displayed in Figs. S1–S3 of the
supplementary material; the main difference from the 0.06M NaCl
solution rests in the absence of the exothermic peaks of the
NaCl/water eutectic crystallization (see the insets in Fig. S1 of the
supplementary material). Furthermore, the heat capacity change
at around 200 K is noticeable only for the 100 K min−1 cooling
rate (Fig. S2 of the supplementary material). To facilitate compar-
ison with the 0.06M NaCl solution, the 0.06M NaCl cooling scan
(Fig. 2, the black curve) was divided by the constant 0.06/0.003 42
= 17.5 (Fig. S3 of the supplementary material, the red dotted curve).
The ratio accounts for the uneven concentrations in the samples.
The glass transition of the remaining unfrozen solution, which is
otherwise barely noticeable, is revealed to have an onset temperature
of around 200 K, just like for the initially 0.06M solution (compare
the location of arrows in Fig. S3 of the supplementary material). The
small size of this effect is clear when considering that it pertains only
to the small amount of unfrozen solution that is trapped inside ice
and eutectic crystals. In future discussions, the observation of this
weak signal will not constitute a basis for relevant arguments on
our part. However, the better resolved signals in the heating ther-
mograms (see below) confirm the presence of the glass transition in
the cooling thermogram.

Heating the 0.06M NaCl solution

The DSC heating scans of the 0.06M NaCl solution show two
major endothermic peaks (Fig. 3). The most intense peak relates
to the consumed heat required for hexagonal ice melting, and the
endothermic peak starting at ∼252 K corresponds to the melting
of the eutectic NaCl ⋅ 2H2O and ice mixture (Fig. 3, inset). The
onset temperature of 252 K marked in Fig. 3 using arrow is in
excellent agreement with literature data—the eutectic temperature
of NaCl/H2O was determined to be 252.0 K in a previous work.79

The heat flow after this peak does not drop back to its original value
because the gradual melting of the pure ice in the NaCl brine pro-
ceeds at increasing temperature and because the heat capacity of
a partly liquid sample is higher than the heat capacity of the fully
crystallized sample.

The 6-fold magnification of the heating thermogram of the
0.06M NaCl solution (Fig. 4, inset) shows an exothermic peak with
the minimum at ∼197 K in a sample cooled using the rate of
100 K min−1 (see the black curve). This peak is either minute or
completely absent for samples frozen at the cooling rates of 20 and
5 K min−1 (the red and blue curves), respectively. The dashed gray
curve in Fig. 4 indicates the differences between the thermograph
measured after cooling at 100 K min−1 and 5 K min−1 (the black
minus the blue curve). Thus, the dashed gray curve carries mainly
information about the processes related to the glass-to-liquid transi-
tion in the NaCl solution, without an interference of the heat changes
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FIG. 3. The DSC heating scan (for the rate of 30 K min−1) characterizing the 0.06M
NaCl solution after freezing at the cooling rates of 100 K min−1 (black), 20 K min−1

(blue), and 5 K min−1 (red), with the NaCl/water eutectic endothermic peak at
252 K indicated by the black arrow (detailed in the inset via 100-fold magnification).

accompanying the bulk ice behavior. Importantly, a heat capacity
change is clearly observable for the interval of 180–190 K preced-
ing the exothermic peak. The beginning of the transition at 182 K
is indicated by the black arrow in Fig. 4. For reasons outlined in the

FIG. 4. The DSC heating scan (for the rate of 30 K min−1) characterizing the 0.06M
NaCl solution after freezing at the cooling rates of 100 K min−1 (A), 20 K min−1 (B),
and 5 K min−1 (C). The inset with 6-fold magnification details the exothermic peak
with the minimum at ∼197 K. The dashed gray curve then shows the difference
between the A and C curves. The onset of the glass-to-liquid transition at 182 K is
pointed out by the black arrow.

discussion, we assign the peak with the minimum at ∼197 K to the
cold crystallization of NaCl ⋅ 2H2O from freeze-concentrated, vit-
rified solution. The absence of the cold crystallization event after
cooling at 20 and 5 K min−1 then implies that vitrification does
not occur at these rates in a measurable extent. To quantify the
amounts of vitrified and crystallized eutectics, the areas of the peaks
present in the thermograms are divided by the individual cooling
rates in K s−1 and are listed in Table I. This procedure quantifies
the enthalpy release at cold crystallization and the enthalpy uptake
at eutectic melting, which is equivalent to the latent heat of fusion of
NaCl ⋅ 2H2O.

Several 0.06M NaCl solutions with various room temperature
pHs were prepared by adding HCl and NaOH solutions to yield
lower and higher pHs, respectively. We measured their DSC heat-
ing scans to determine whether the area of the exothermic peaks
at a peak minimum temperature of 197 K relates to the initial pHs
of the solutions. Figure S4 of the supplementary material shows the
measured heating scans with the indicated room temperature pHs,
confirming the presence of a cold crystallization exothermic peak
for all the samples. The dependence of the integrated area of the
197 K crystallization peak on the pH is plotted in Fig. S5 of the
supplementary material and compared with the area of the eutectic
melting peak at 252 K. It is obvious from the data that the vitrifi-
cation and cold crystallization events do not depend on the acidity
in 4–9 pH range. Rather than that it seems that minor variations in
the cooling process beyond our control (e.g., impurities or fluctu-
ations in the cooling rate) determine the scatter in this graph. For
pH < 4, the area of the eutectic melting peak decreases significantly,
whereas the area of the cold crystallization peak increases. This
points out to a suppression of crystallization and enhancement of
vitrification upon cooling NaCl solutions in an acidic environment.
To make this case stronger, further experiments need to be done in
future.

Heating the 3.42 mM NaCl solution

Figures S6 and S7 of the supplementary material display the
DSC heating scans of the 3.42 mM NaCl solution. Similarly, to the
corresponding scans for the 0.06M NaCl solution, the heating scans
show the main endothermic peaks at around 273 K and 253 K, which
relate to the consumed heat needed to melt the hexagonal ice and
the heat required for melting the sodium chloride and hexagonal
ice eutectic mixture, respectively. The NaCl ⋅ 2H2O crystallization
heat at ∼197 K was detected for the rapidly cooled sample (Figs. S7
and S8 of the supplementary material, the black curves). Again, to
compare the heating scan with that of the 0.06M NaCl solution, the
0.06M NaCl scan (Fig. 4, the black curve) divided by the concen-
tration correction factor of 17.5 (0.06/0.003 42) is plotted as the red
dotted line in Fig. S8 of the supplementary material. The areas of
the peaks divided by the heating rate present in the thermograms
upon heating the frozen NaCl solution cooled by 100 K min−1 for the
two NaCl concentrations (0.06M and 3.42 mM) are listed in Table I.
Interestingly, the areas given in Table I do not scale with the con-
centration. While the concentration increases by a factor of 17.5, the
area of eutectic melting peak increases by a factor of 27, but the area
of cold crystallization increases only by a factor of 10. In other words,
in the more dilute 3.42 mM solution, cold crystallization is enhanced
compared to the 0.06M solution, whereas formation of the eutectic
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TABLE I. The areas of the peaks of eutectic melting (onset temperature at 252 K in Fig. 4 and Fig. S6) and cold crystallization (the onset temperature at 190 K in Fig. 4 and 193 K
in Fig. S7) upon heating the frozen NaCl solution at 30 K min−1 that were first cooled at 100 K min−1 and upon heating of the ice spheres frozen by spraying the solution into
the liquid nitrogen (Fig. 5). n = number of independent measurements.

Areas of the peaks

Eutectic melting Cold crystallization

0.06M NaCl 3.42 mM NaCl 0.06M NaCl 3.42 mM NaCl

Cooling 100 K min−1 (108.0 ± 4.3) mJ mg−1 (4.00 ± 0.24) mJ mg−1 (6.05 ± 0.53) mJ mg−1 (0.59 ± 0.03) mJ mg−1

n = 4 n = 2 n = 4 n = 2

Ice spheres (9.2 ± 3.8) mW s . . . (1.3 ± 0.5) mW s . . .
n = 2 n = 2

is enhanced in the more concentrated 0.06M solution. The amounts
of cold crystallization relative to the eutectic melting equal to 5% and
12% for the 0.06M and 3.42 mM solutions, respectively.

Ice spheres

In the case of heating the cold-loaded ice spheres prepared from
0.06M NaCl solution, loaded at 100 K, and heated at 30 K min−1, the
exothermic peak having the minimum at 197 K appears too (Fig. 5).
The areas of peaks are given in Table I. As we did not weigh the ice
spheres, the absolute areas in Fig. 5 cannot be compared to those
in Fig. 4. The relative amount of cold crystallization heat to eutectic
melting is 12%.

Change of the pH in BCP-dyed solutions

Ice samples resembling those utilized for the calorimetry mea-
surement were also studied in terms of pH changes. The normalized

FIG. 5. The DSC heating scan (for the rate of 30 K min−1) characterizing the 0.06M
NaCl solution frozen in the liquid nitrogen into the form of ice spheres, with a detail
(77-fold magnification) of the exothermic peak at ∼197 K.

absorption spectra of the BCP from the solution of 0.06M NaCl, with
the 3.70 × 10−6M BCP indicator frozen by immersing the cuvette
into liquid nitrogen, are shown in Fig. 6. The spectrum of a solution
with an electrode-measured pH (6.20 ± 0.02) at room temperature
(the black curve) exhibits two bands having their maxima at 434 and
587 nm; these maxima correspond to those of the acidic and the basic
forms of the indicator, respectively. The computed room tempera-
ture H2− value of (6.042 ± 0.004) for n = 3 marginally varies from
the pH potentiometrically determined by using a glass electrode. As
we focus on the relative acidity changes, we do not attempt to elim-
inate this discrepancy, which most likely arises from the uncertainty
of the indicator pKa value at the given ionic strength. In the spectra
measured immediately after freezing the sample in the liquid nitro-
gen (84–137 K, the red curve), increased intensity of the peak at
587 nm can be observed, indicating higher basicity upon cooling to

FIG. 6. The normalized UV-visible absorption spectra of the BCP (c = 3.70
× 10−6M) in the 0.06M NaCl solution, measured at various temperature inter-
vals. First, the black curve (1) was recorded at room temperature; subsequently,
we recorded the red curve (2) after immersing the cuvette in the liquid nitrogen at
84 K–137 K; and, finally, the blue curve (3) was captured after heating the cuvette
to 221 K–234 K. The absorption peaks B and C correspond to the protonated and
deprotonated forms of the BCP, respectively.
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the H2− value of (6.67 ± 0.01) for n = 3. After subsequent heating
of the sample to 221 K (the blue curve), the intensity of the absorp-
tion band of the basic form at 587 nm decreases while the intensity
of the acidic form rises, leading to the H2− value of (6.27 ± 0.04)
for n = 3. The same trend in increasing the H2− value was observed
in the quench freezing procedure carried out by spraying the 0.06M
solution into the liquid nitrogen (the ice spheres), as presented in
Fig. S9 and Table S1 of the supplementary material. The 0.06M NaCl
solution slowly cooled down from RT to 253 K exhibited a rise in
the H2− value by (0.23 ± 0.02) for three independent samples (data
not shown). In the less concentrated sample (3.42 mM), no signif-
icant changes of the H2− values were observed after cooling and
subsequent heating.

Change of the pH in CR-dyed solutions

The absorption spectra of the CR indicator in the 0.06M NaCl
solution are shown in Fig. S10 of the supplementary material. The
spectrum of the sample measured at room temperature (the black
curve) with the computed initial H2− value of 6.32 comprised only
the neutral form B. After the sample was frozen in the liquid nitro-
gen, the intensity of the basic form increased, as in the case of the
BCP solution. The H2− value has increased to 7.05 following the
quench in the liquid nitrogen. During the heating, the peak of the
basic form gradually disappeared. The most pronounced decrease of
the C form appeared above 218 K, with the H2− value decreasing to
6.50. The H2− values of each temperature interval are summarized
in Table S2 of the supplementary material.

ESEM observation

The 0.06M NaCl solution, after freezing by immersing the
cuvette into the liquid nitrogen, was examined at 223 K by
using the environmental scanning microscope. Figure 7 displays
the ice Ih surface (the darker background) with parallel lines
of the crystallized NaCl ⋅ 2H2O (pale to white). The lines pre-
sumably delineate ice grain boundaries forming parallel lamel-
lae. The separation between the lamellae [Fig. 7(a)—red arrow;

FIG. 7. The ESEM observation of the 0.06M NaCl liquid nitrogen-frozen solution
observed at 223 K, using the backscattered electron (a) and secondary electron
(b) detectors. The images indicate the hexagonal ice (dark gray) crystals and the
grain boundaries (bright gray). The 200 µm scale is represented by the white bar;
the red arrow shows the width of the ice lamella, and the yellow square highlights
the grain boundary width.

Fig. S11 of the supplementary material] and the grain boundary
width [Fig. 7(a)—yellow square; Fig. S12 of the supplementary
material] was established to be (18.24 ± 0.77) µm and (2.46
± 0.24) µm, respectively; the interval provides information about
the mean value and the standard deviation of the mean (Table S3 of
the supplementary material). We performed 11 distance measure-
ments; the obtained lamellae widths are shown in Fig. S11 of the
supplementary material, and a zoomed-in detail of the grain bound-
ary width is provided in Fig. S13 of the supplementary material.

DISCUSSION

Vitrified solutions were previously formed by combining the
following factors: (1) very fast cooling (hyperquenching), (2) confin-
ing media, and (3) concentrated solutions of specific salts. The veins
and lamellae with an FCS in between the crystals of pure hexagonal
ice formed upon freezing a sodium chloride solution satisfy each of
the above preconditions to some extent; thus, in these structures, the
propensity to vitrification is reasonably expectable. The vitrification
of solutions in the veins was already reported for, inter alia, miner-
als80 and ice Ih containing sulfuric acid,46 ammonium sulfate,81 citric
acid, sugars,42,82 and other bulking agents applied in pharmaceutical
freezing.83,84

Even the fast freezing of NaCl solutions via cooling at
100 K min−1 or spraying the samples into liquid nitrogen does not
lead to bulk vitrification. In this respect, NaCl solutions differ from
others, such as the concentrated LiCl ones, where the cooling rate
of approximately 90 K min−1 produces bulk vitrified glass.23 Thus,
considering all the cooling rates employed in our experiments, the
most significant contribution to the heat exchange consists in the
crystallization of ice Ih, which leaves behind a eutectic mixture to
form an FCS in between the ice crystals as well as in the grooves
and pools on the surfaces.35 The result agrees with the outcomes
of previous attempts to spray a NaCl solution into liquid nitro-
gen, allowing observation of primary ice veins.47 The maximum
volume of 22 w/w% NaCl solution hitherto found to fully vitrify
upon plunge-cooling (dropping into liquid nitrogen on a Cu holder)
was 10 nl.24

All of our ESEM observations of the interior of ice samples
frozen in liquid nitrogen reveal lamellar arrangement of ice interca-
lated with brine (Fig. 7). The spacing between the individual lamellae
is almost completely regular, enabling us to calculate the average ice
width, namely, (18.24 ± 0.77) µm, n = 11. Similar structural patterns
occur in sea ice.5,85–88 The structures formed from freezing solutions
are known to be influenced by the salt identity and concentration,
thermal gradients, and, hence, the freezing rate.36,89,90 Regrettably,
our current microscopic setup does not allow examining the sam-
ple at temperatures low enough to support the observation of the
vitrified solution below 180 K. The structures obtained after warm-
ing the sample from 77 K to 223 K nevertheless facilitate a detailed
investigation of the crystallized eutectics (Fig. S12 of the supplemen-
tary material), whose average width corresponds to (2.46± 0.24) µm,
n = 11. Even though we took all the necessary precautions to acquire
the micrographics as swiftly as possible, it cannot be excluded that
these structures had undergone some metamorphism before being
observed.

An unambiguous proof of the vitrification of a portion of the
sample is deducible from the changed behavior of the sample in
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the DSC, depending on the cooling rate. Only the fastest cooling
rates applied (100 K min−1 or spraying the solution into liquid
nitrogen) allow a small but notable and reproducible heat capac-
ity change during the cooling and heating, with the onset temper-
atures of ∼200 K and ∼193 K, respectively; at the same time, we
also observe hydrohalite cold crystallization from the vitrified FCS
at 197 K in the heating process. Such transitions are clearly visi-
ble in the 0.06M NaCl (Fig. 2) and still discernible in the 3.42 mM
solutions (Figs. S2, S3, S7, and S8 of the supplementary material).
We can thus infer that vitrification occurs, in the very least, at
these concentrations and cooling rates. In the 3.42 mM solution,
both the DSC and the dye indicators yield only small signals, sug-
gesting that the concentration is at the very limit of the meth-
ods’ sensitivity. The absence of the eutectic peak during the slow
cooling procedure in the 3.42 mM NaCl solution (Fig. S1 of the
supplementary material) most probably results from the sensitivity
issue too, especially as the eutectic peak is well represented in the
heating thermogram (Fig. S6 of the supplementary material). Cool-
ing rates slower than 100 K min−1 do not produce significant signs
of glass formation; we, therefore, suppose that either the eutectic
had crystallized fully or the vitrified amount remained below detec-
tion. Previously, microemulsion freezing had enabled observation of
the supposed Tg at ∼150 K in an emulsified solution at pressures
above 100 MPa.21 This value ranges much lower than that of the
crystallization peak of NaCl ⋅ 2H2O. Some transition at ∼150 K is
also found in our samples frozen at atmospheric pressure (Fig. 4);
however, the relevant intensity is small, and we observe the same
effect in the slowly frozen samples. To the best of our knowledge, the
NaCl vitrification temperature during cooling has not been charac-
terized and reported thus far. We report here the vitrification onset
for the FCS at 200–205 K. The NaCl ⋅ 2H2O crystallization temper-
ature upon heating a vitrified NaCl solution at 197 K, as established
within our experiments, corresponds well to that reported for hyper-
quenched NaCl solutions at 194 K.27 The small difference in the
onset temperatures, 197 K in our case and 194 K in the experi-
ments conducted by Hallbrucker and Mayer, can be explained by
varied warming rates; these equaled 30 K min−1 and 10 K min−1,
respectively.27

In this context, our thermograms show the Tg of the transition
at ∼200 K and ∼193 K for the cooling and the heating, respectively,
because these transitions are significantly more pronounced in fast-
cooled samples. The Tg values find relevant support not only in
the literature27,32 but also the fact that the glass-to-liquid transition
closely precedes the crystallization of NaCl ⋅ 2H2O. The assignment
is also consistent with the recent observation that heating amor-
phous NaCl solutions at ambient pressure facilitates the generation
of Ic at 160 K as well as the ice transformation to Ih with concomi-
tant appearance of NaCl ⋅ 2D2O at 185 K; the entire procedure was
recently studied via neutron diffraction.30

Previous experiments involving the heating of hyperquenched
salt solutions produced three devitrification peaks besides the crys-
tallization of NaCl ⋅ 2H2O.27 These peaks were assigned to distinct
devitrification processes: water in the vicinity of chloride anions
(159 K), pure water (165 K), and water surrounding sodium cations
(181 K).27 The ratio of these peaks was found to be characteristic
of particular concentrations. The absence of such distinct peaks in
our thermograms may be indicative of a local concentration higher

than those examined within the discussed experiments (4.6M corre-
sponding to the eutectic concentration), also because the two lower-
temperature crystallization peaks were reported to decrease their
intensities with increasing concentration, relatively to the hydro-
halite crystallization peak. Thus, we can infer from both the single
devitrification peak and the other DSC thermogram signals that the
fast freezing process in the hexagonal ice veins allows the NaCl con-
centration to reach the eutectic or even higher concentrations. For
pure water, the Tg is 136 K, and for subeutectic NaCl-H2O solu-
tions, the Tg increases above 2 mol. % (see Fig. 7 of Ref. 91) toward
higher temperatures. At the eutectic concentration ∼9 mol. % the Tg
reaches ∼160 K. The Tg ∼ 200 K observed in Fig. 2 is only possible for
solutions clearly exceeding the eutectic concentration. A similar sit-
uation is well documented in other solutes, including sucrose. In this
case, theTg of the eutectic solution is 190 K, but the maximally freeze
concentrated solution shows a Tg of 230 K.92,82 The other conclusion
drawn from the absence of the three crystallization peaks observed
previously in the thermograms concerns the presence of a homoge-
neous solution, namely, the one that leaves no space for individual
ion domains.

In the NaCl glass devitrification, the solution formed before the
NaCl ⋅ 2H2O crystallized. The glass-to-liquid transition is deduced
from the appearance of the endotherm with the onset at 182 K, best
noticeable in the difference thermogram (the dashed gray curves
in Figs. 4 and Fig. S7 of the supplementary material). Such true
glass transition (as opposed to devitrification, where the amorphous
phase changes into the crystalline one, avoiding the liquid phase)
is typical of hyperquenched water and salt solutions.27,93 A crys-
tallization event upon heating is termed “cold crystallization” and
arises from the growth into crystals of nuclei that did not have
enough time to complete the process during cooling. Usually, these
nuclei are trapped in a glassy matrix, which is then consumed
by the growth of the crystals; in other words, cold crystallization
upon heating implies vitrification upon cooling, with some crystal-
lization nuclei forming already upon cooling. The nuclei typically
remain kinetically stable in the glassy matrix; however, as soon as
the glass devitrifies upon heating, the crystal growth begins, start-
ing from the nuclei. Such an interpretation is strongly supported by
the observed devitrification transition, marked by the black arrow
right before the cold crystallization event in Fig. 4. The other peaks
(not discussed herein) present in the heating thermograms (Fig. 4)
for all of the cooling temperatures appear to be characteristic and
reproducible; however, their corresponding heats are very small,
approaching the baseline drift, and therefore we do not interpret
them.

The reason for glass formation in a portion of the eutectic can
be sought in the limited dimensions of the veins; during our micro-
scopic examination, the upper dimension limit has never exceeded
several micrometers. The freezing temperatures of bulk and emul-
sified NaCl solutions were previously observed at 236 and 188 K,
respectively.94 Thus, it is well conceivable that at high cooling rates
a portion of the eutectic solution in the ice veins does not crystal-
lize before reaching 200 K; in these conditions, the brine viscosity
increases to such an extent that crystallization is inhibited.95 The vit-
rification of a NaCl solution was already observed in nanoporous
silica glass by Zhao, Pan, Cao, and Wang,32 who used the cool-
ing rate of 20 K min−1. The authors argued that the pure ice
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crystallized in the center of the pores had expelled the solution to
the sides, concentrating it to the eutectic composition; the two events
together then rendered the solution prone to glass formation. In the
paper of Zhao et al., devitrification and NaCl ⋅ 2H2O crystallization
were observed only with some combinations of NaCl concentra-
tions and pore diameters; the Tg gradually decreased from 178 K
to 160 K in 54 nm and 2.6 nm pores, respectively. Thus, the Tg
value established within our research (ca. 182 K) places the confine-
ment dimension above 54 nm and stands close to the Tg of the bulk
solution formed by hyperquenching.

In ice Ih, we can expect the dimensions of the veins inside
the bulk ice to be smaller than those of the ice boundary grooves
observed on the surface. Moreover, it cannot be excluded that some
small structures collapsed into larger ones when evaporating in the
microscope. With the current observations, we cannot determine
if vitrification occurs only in the smallest veins in between the Ih
crystals or partly in channels of all dimensions.

The extent of vitrification as compared to eutectic crystalliza-
tion is not easily definable from our data. The straightest quantifi-
cation could be performed by comparing the eutectic crystalliza-
tion heat with that of the liquid-to-glass, glass-to-liquid, or NaCl
cold crystallization processes. Regrettably, the eutectic crystalliza-
tion heat is not available to the 100 K min−1 cooling experiment
because it is hidden under the ice crystallization curve. The heat-
ing thermograms offer well-separated eutectic melting peaks for all
of the cooling rates; the peaks, however, contain the contributions
of both the heats from the originally crystallized eutectics and the
initially vitrified (but crystallized in the course of heating) part of
the sample. The amounts of the heat released during the cold crys-
tallization of NaCl equal only 5%, 12% and 12% of the heat needed
for the eutectic melting in the 0.06M and 3.42 mM NaCl solutions
and 0.06M ice sphere, respectively. To quantify the ratio of the vit-
rified solution compared to that of the eutectic melt, we utilized
the previously determined latent heat of the eutectic mixture (233.0
± 1.6) J g−1 94,96,97 and estimated the enthalpy change of the reac-
tion NaCl(aq) +2 H2O(l) ↔ NaCl ⋅ 2H2O(s) to −192.12 J g−1. Thus,
we obtained (6.8% ± 0.6%) and (17.9% ± 1.5%) of the vitrified solu-
tion in the total amount of the melting eutectics for the 0.06M and
3.42 mM NaCl solutions cooled at rate of 100 K min−1, respec-
tively. The enthalpy change of the above reaction was estimated from
the 298-K standard molar enthalpies of the formation of NaCl(cr)
(−411.27 kJ mol−1), NaCl ⋅ 2H2O(cr) (−997.24 kJ mol−1),98 and water
−285.82 kJ mol−1; in the estimation process, we also employed the
dissolution enthalpy of NaCl in water 3.88 kJ mol−1.99 The cur-
rent experiments do not explain the higher relative amount of vit-
rified salt observed in the lower concentration. The occurrence of
a higher amount of vitrified salt in the ice spheres (12%) as com-
pared to the 100 K min−1 cooling (5%) is most probably due to the
higher freezing rate. We do not establish a clear dependence between
the initial solution acidity and the extent of vitrification (Fig. S5
of the supplementary material). However, it seems that at pH < 4,
the tendency to vitrify is enhanced. At the current stage, we cannot
determine whether this observation is related to the enhanced con-
centration of the Cl− ions from the HCl responsible for the solution
acidification.

The occurrence of thermodynamically unstable crystal modifi-
cations was previously caused by freezing in small volumes; princi-
pally, halite was found to be formed instead of hydrohalite,100 and

letovicite II substituted letovicite III28 in the freezing of NaCl and
ammonium sulfate solutions, respectively. Conversely, slow crys-
tallization from a NaCl saturated solution produced hydrohalite at
−15 ○C.101 Our study records the formation of the thermodynami-
cally unstable glass state. Locating the onsets of the eutectic melting
peaks to 252 K is consistent with the eutectic point at 252 K for water
NaCl ⋅ 2H2O (hydrohalite).102 This value suggests that the presented
eutectic freezing and also cold crystallization allow the formation
of the thermodynamically more stable hydrohalite from the FCS.
Contrarily to the observations by Drebushchak, Ogienko and Yuno-
shev,79 our thermograms do not indicate around 245 K a repro-
ducible signal corresponding to halite crystallization;79,103 the expla-
nation may consist in the heating scan being 10 times faster than that
applied by Drebuschak et al.

As NaCl is the salt of strong monovalent acid and base, nei-
ther its concentration increase nor its crystallization is expected
to change the pH in the veins of the FCS. The only option to
explain the observed pH change effects rests in the unequal dis-
tribution coefficients of the sodium cation and the chloride anion
between the ice and the freeze concentrated solution. In this con-
text, the Workman-Reynolds potentials between ice and freeze con-
centrated NaCl solutions were previously measured by multiple
researchers,54,104–107 and the subsequent acidity change was observed
either by using sulfonephthalein indicators or indirectly via a
hydrolytic reaction.49,53,108 All of the experiments performed to date
suggest that chloride anions incorporate into ice much more fre-
quently than sodium cations. These uneven distribution coefficients
between ice and freeze-concentrated solutions were recently con-
firmed via molecular dynamic simulation;109 the procedure showed
that a chloride anion can substitute two water molecules in the crys-
tal lattice of ice, whereas sodium cations enter interstitial positions.
The absolute value of the distribution coefficient for the chloride
(and any other) ion remains essentially unknown.5,7,19 Due to the
low concentrations in ice and possible surface accumulation, only
two indirect methods for determining ion concentrations in bulk
ice are available. One of the techniques stems from dielectric spec-
troscopy measurement, suggesting that the concentration of HCl in
ice reaches approximately 10−5M but is certainly not higher than
10−4M.110 In the same concentration range, the value of (7 × 10−5M)
is based on the other approach, namely, measuring the shear stress
curves for the ice monocrystals grown out of an HCl solution.111 To
the best of our knowledge, the value of NaCl solubility in ice has not
been determined thus far.

Our observed acidity drop in fast frozen solutions, however,
corresponds to the preferential incorporation of chloride anions into
the ice. The sulfonephthalein indicators are certainly too large to
be incorporated into the ice lattice; thus, they will be concentrated
into the eutectic FCS during the freezing process. The crystalliza-
tion of the eutectic would place the indicator onto the surfaces of the
hydrohalite and/or ice crystals. If a vitrified glass solution is formed,
the indicator can be inside it. The acidity change due to the neu-
tralized Workman-Reynolds potential was more significant for the
rapid than the slow cooling (∆H2− ∼ 0.6 and 0.2, respectively); how-
ever, the effect invariably increased the basicity. The amount of ions
incorporated into the ice and thus also the apparent acidity change
in the veins depend on the counter ions and the freezing dynamics
regulated by the freezing rate. It should be noted that our obser-
vations of a more prominent acidity increase occurring at a high
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cooling rate rather than a slow one stand in contrast with the predic-
tions by Bronshteyn and Chernov108 and Sola and Corti.104 Further
experiments, however, are needed to reconcile the observations with
the theoretical model. In the heating process, acidity changes are
observed prevalently above the Tg. We can only speculate on the
cause of these changes; the most plausible explanation seems to con-
sist in the diffusion of HCl out of the ice. The pH variations observed
during the freezing cannot be attributed to an increased concentra-
tion of CO2 and its dissolution in the veins because our experiments
using solutions saturated with N2 showed the same trend as those in
equilibrium with the air (data not shown).

CONCLUSION

Previously, spatial confinement to impede crystallization while
enhancing vitrification was materialized in micelles, suspensions,
nanoporous glass, and clay. We propose that the confinement in
ice Ih veins can serve the same purpose. During the rapid freez-
ing (100 K min−1) of an aqueous NaCl solution, ice Ih forms; sub-
sequently, a part of the eutectic mixture crystallizes and another
small portion turns into glass. The acidity decrease accompanying
the freezing process is consistent with preferential incorporation of
chloride anions into the ice as compared to sodium cations. In the
heating process, we observe the glass transition into the liquid state,
followed by NaCl ⋅ 2H2O cold crystallization and the resulting acid-
ity increase. The method of glass vitrification in ice Ih veins upon fast
cooling can be used to study the corresponding process in aqueous
solutions, which until now was assumed to require hyperquenching
techniques.

SUPPLEMENTARY MATERIAL

See supplementary material for discussed figures and tables.
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