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not predicted by the (NH4) 2504/H20 phase diagram

Anatoli Bogdan

Department of Chemistry, University of Helsinki, P.O. Box 55, FI-00014 Helsinki, Finland

Institute for Atmospheric and Earth System Research/Physics, Faculty of Science, University of Helsinki, P.O. Box 64, Hel-
sinki 00014, Finland

KEYWORDS: (NH.).SO4/H,0 phase diagram, Supercooling, Three-step freezing, Freeze-induced phase separation (FIPS),
Freeze-concentrated solution (FCS), Three-phase reaction, DSC, Optical cryo-microscopy

ABSTRACT: According to the conventional phase diagrams, aqueous solutions freeze at the liquidus and are frozen/solid below
the eutectic solidus. Herein, using differential scanning calorimetry (DSC) and optical cryo-microscopy (OC-M), we demonstrate
that hypoeutectic, eutectic 40 wt% (NH,).SO,4 and hypereutectic (NH4).SO4/H,O remain liquid well below the eutectic solidus before
freezing in three steps: fast-slow-fast. The first fast freezing produces a ramified ice microstructure (IM) and freeze-concentrated
solution (FCS) containing up to ~70 wt% (NH,).SO4. As temperature decreases further, the slow freezing of FCS precedes its fast
freezing, which produces a striped IM and (NH,).SO, microcrystals. Videos recorded upon warming of frozen (NH,).SO4/H,O reveal
a new three-phase reaction, which is the recrystallization of ice and (NH4).SO. microcrystals into the lamellar eutectic ice-(NH4),SO,
superlattice. This work demonstrates limitations of the (NH,),SO4/H,0 phase diagram and proposes an effective strategy for studying
other deeply supercooled solutions whose behavior is not predicted by the phase diagram.

Understanding the freezing process is important for life sci- texo =
ences,3 nanochemistry,*? different natural,>*° biotechnologi- a8 v == T ;T"'” 2
cal™™" and industrial'®® processes. Common to all these scopes e LA, 1e
is a freeze-induced phase separation (FIPS) into ice and a };39 [,
freeze-concentrated solution (FCS).10122124 |M/FCS morphol- S :
ogy and the phase state of FCS determine the properties of fro- Iy
zen solutions'?%-2” and, consequently, the properties of freeze- 22
dried/lyophilized products,'**® glaciers,®?® sea ice*® ice
clouds™ etc. Unlike bulk solutions, which freeze at the liqui-  —
dus,®* millimeter-scaled drops can be supercooled below the —_—
eutectic solidus.* Depending on solute molecular structure, T 7 b
several freezing®'%3% and glass transition>*® events occur 98 mne ).
upon cooling. The number of freezing and melting events de- os
pends on solution size.**” Freezing and accompanying FIPS —— ;
resume upon warming of glassy FCS.12% These results differ o s it
from the predictions of phase diagrams and show that further — -
study of deeply supercooled solutions are necessary. .

In this work, we employ DSC for the study of deeply super- 48 wioe N\ Ttpm c
cooled eutectic and hypereutectic (NH4).SO4/H,O and OC-M 7
for visualization of the phase transitions of deeply supercooled 25 e e
hypoeutectic, eutectic and hypereutectic (NH4)2SO4/H,0. Am- }3\,79 43 wise J\
monium sulfate, (NH,),SO,, has practical implications® and o e A

plays an essential role in the atmosphere.>*4° Details of the DSC
and OC-M experiments are reported elsewhere, 10123437
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DSC measurements: In Figure 1a, the cooling thermograms 150 170 T190 210K 230 250 270
of millimeter-scaled drops contain two exothermic peaks Ty ice emperature,

and Trrcs. Warming thermograms contain one broad endother-
mic peak that begins at the eutectic temperature Te=254K. In
Figure 1b, magnified thermograms reveal an inclined thermo-
gram between Triee and Tircs. The para-to-ferroelectric and
ferro-to-paraelectric transitions at T.=223.5K indicate that
(NH4)2SO;4 crystals form at Trecs. Thermograms of emulsified
micrometer-scaled drops contain only peaks Tryum and Te (Fig-
ure 1c).

Figure 1. DSC thermograms of eutectic and hypereutectic
(NH4)2SO4/H20. a, Thermograms of millimeter-scaled drops.
Peaks Trice and Trrcs are due to ice crystallization and the fast
freezing of FCS, respectively. Te denotes the eutectic melting. b,
The 20-fold magnification of thermograms from Figure 1a. Transi-
tion peaks are reduced to fit the figure. Arrows mark inclined ther-
mograms of the slow freezing of FCS. T is the Curie temperature.
¢, Thermograms of emulsified micrometer-scaled drops. Trum is a



freezing temperature. Heat flow scale bar (W/g) and concentration
(wt%) are indicated.

The cooling thermograms in Figure 1 are similar to those of
hypoeutectic ~ millimeter-scaled and  micrometer-scaled
(NH4),S04/H,0 drops.3*36:3741 Hypoeutectic Tt ce, Trrcs and the
inclined thermogram between them were related to ice crystal-
lization, the fast freezing of FCS and slow freezing of FCS.
However, in Figure 1b, the nature of Tt ce, Trrcs and the inclined
thermogram is unclear, because according to the
(NH,),S04/H,0 phase diagram,*? the eutectic solution produces
the eutectic ice/(NH,),SO4 mixture and hypereutectic solutions
produce (NH,).SO, crystals and the eutectic ice/(NH4)2SO4
mixture (Figure 2).

Unlike the warming thermograms in Figure 1, the warming
thermograms of hypoeutectic millimeter-scaled drops contain
the eutectic melting Te and ice melting Ty, 3*4! and microme-
ter-scaled drops contain one® or two®’ eutectic melting events
and ice melting.

nature as those of hypoeutectic (NH4).SO4/H.0.

sented below confirm these unexpected results.
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Figure 2. Extended (NH4)2SO4/H20 phase diagram. AE and EB
are the liquidus and solubility line of the (NH4)2S04/H20 phase di-
agram.*? Freezing Tice, Ttrcs, Trum and melting Tm, Te, Tm,icefFcs
data points are from this work and refs.36 and 37 (see text and SI).
Blue dashed lines mark temperature regions in which Ttie and
Ttrcs were detected in our DSC experiments. Arrows show the
change of concentration during ice crystallization. Tequil is taken
from ref.43 for comparison. Tequil Was measured when a levitated
millimeter-scaled (NH4)2SO4/H20 drop was in equilibrium with ice
on chamber walls.*

To identify the nature of Ttjce, Trrcs and the inclined thermo-
gram in Figure 1b, we performed truncated measurements in
which 25-45 wt% (NH,).SO, drops were cooled to temperature
above Trrcs.3* The obtained thermograms contain an exother-
mic peak and prolonged endothermic peak (Figure 3a). The lat-
ter is due to the melting of ice that is in contact with a highly-
concentrated FCS.'2%3% Supplementary Video 1 (SV1) demon-
strates such prolonged ice melting. SV1 shows that ice starts
melting at ~235K << Teg=254K, indicating that the concentra-
tion of FCS is much higher than the eutectic 40 wt% (NH,4).SO,
(SI). The FCS concentration is not constant, but increases with
the concentration of initial solution and can reach ~70 wt%
(NH4)2SO,. Further, all Ty,’s from Figure 3a exactly meet the
equilibrium ice melting T-line and its extrapolation below Te
(Figure 2). This indicates that in Figure 3a and, consequently,
in Figure 1b, Tt is due to ice crystallization. It follows from
this that Trrcs and the inclined thermogram also have the same
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Figure 3. The truncated thermograms of 25-45 wt% (NH4)2SOa.
a, A sharp peak Tt,ce and prolonged peak Tm are due to the crystal-
lization and melting of ice, respectively. Crosses mark tempera-
tures Tm,icerrcs at which the ice in contact with FCS starts melting
(see Sl). b, The 20-fold magnification of warming 25 wt%
(NHa)2S04 thermogram shows how Tmicerrcs is determined.

OC-M measurements: SV2-SV8 demonstrate freezing events
Trice and Tiecs that occur in a millimeter-scale drop and films
~10-15 microns thick.1®!2 Since SV3-SV8 are more informative
than SV2, below we will consider only videos recorded from
(NH4)2S04/H,0 films.

SV3-SV5 of hypoeutectic, eutectic and hypereutectic films
without (NH4).SO4 crystals demonstrate separated events Ty,ice
and Ttgcs, which manifest themselves as moving Ty ice-front and
Tt rcs-front. The Trecs-front pushes unfrozen FCS to the edge of
film and forms bulges, which freeze last. SV6-SV8 show that
in the films with (NH4)2SO4 crystals, Tsic-front and Trecs-front
propagate rapidly one after the other. This indicates that
(NH4)2SO;, crystals promote the fast freezing Trecs. SV6-SV8
also demonstrate that (NH4).SO, crystallizes much slower than
ice.

Images 4a and 4b show that (NH,),SO, crystals are yellow in
a transmitted light mode and dark green in reflected light mode
(arrows 1 and 2). The frozen FCS bulges and channels (arrows
3 and 4) have the same color, indicating that they contain crys-
talline (NH,).SO4. Image 4c shows the IM/FCS morphology of
completely frozen solution. The frozen FCS looks like a popu-
lation of isolated channels and pockets. In fact, they are inter-
connected because Trecs-front is always even and propagates
evenly (image 4d and SV3-SV8). The different brightness of
images 4d-4f is due to the non-uniform IM/FCS morphology.
Dark strips are rich with ice. Image 4g shows that ice nucleation
is a pointwise event.

In SV9, the moving T c.-front forms FCS bulges. Unlike the
FCS bulges formed by Tircs-front (SV3-SV5), which freeze
immediately after formation, these bulges remain liquid. As
temperature decreases further, they grow due to the slow freez-
ing of FCS, which is due to the diffusion of H,O from the FCS
to IM. Since the specific volume of ice is larger than that of
water, the growing IM squeezes FCS channels (image 4c) and
this leads to the growth of FCS bulges.
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Figure 4. Images of frozen (NH4)2SO4/H20 films. Images a, d,
e, and f are taken in a transmitted light mode and images b, ¢ and g
in reflected light mode. a, b, Images are taken from the same re-
gion. Arrows 1-4 mark long and small (NH4)2SOs crystals, a FCS
bulge and FCS channel, respectively. Dark/bright spots are ice
crystals formed by vapor deposition on a cover glass. ¢, IM/FCS
morphology under a high magnification. d, A snapshot of two Tr,ice-
fronts and one Trrcs-front taken from SV5. e, f, Frozen FCS bulges
and non-uniform IM/FCS morphology. g, The spot of ice nuclea-
tion. Concentration, scale and temperature are indicated.

Unlike the fast freezing Tric. and the slow freezing of FCS,
the physics of fast freezing Trecs is unclear. The FCS concen-
tration is much larger than the eutectic concentration (SI) and,
therefore, the fast freezing Tircs cannot produce the eutectic
ice-(NH,4)2SO, superlattice specified by a precise molecular
percentage ratio between H,O and (NH,4).SO.. Nonetheless, it
forms somehow, because warming thermograms contain the eu-
tectic melting peak (Figure 1a and Figure 1a in ref.36). How-
ever, it is stretched over a temperature region, whereas the eu-
tectic superlattice should melt as a pure element at Te. Hence,
three questions arise: how does FCS freeze, how does the eu-
tectic ice-(NH4)>SO4 superlattice form, and why is the eutectic
melting peak stretched? Answers are given below.

The fast freezing of FCS. Cooling 5-48 wt% (NH,)SO4 ther-
mograms show that the shape of peaks Tt e and Tiecs is identi-
cal (Figure la and Figure 1a in ref.36). SV7, SV8 and SV10
demonstrate that the propagation speed of Tt jce-front and Trecs-
front is the same. These observations suggest that ice crystalli-
zation plays a major role at Trecs. The absence of an incline
thermogram below Tiecs (Figure 1b and Figure 6 in ref.41) in-
dicates that all the water in FCS transforms to ice. The accom-
panying rapid increase of concentration to 100 wt% (NH,).SO4

leads to a high nucleation rate. Since (NH,).SO, crystallizes
slowly (SV6-SV8), the high nucleation rate produces numerous
(NH4)2SO4 microcrystals. Indeed, these microcrystals are visi-
ble after the eutectic melting in the FCS bulges of hypoeutectic
films (SV11-SV13). In eutectic and hypereutectic films,
(NH,),SO4 microcrystals survive even above 273K (SV14,
SV15). Note, frozen FCS is striped and consists of the irregular
layers of ice and (NH4).SO,4 microcrystals (images 5a and 5b).
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Figure 5. Images of frozen (NH4)2SO4/H20 films. a, b, Images
taken from the same region in the reflected and transmitted light
modes show the striped structure of frozen FCS and ramified/den-
dritic IM. c, d, The darkening process during the warming of frozen
solution. Note, in image d, ice crystals (black spots) have subli-
mated. e, Trice-front (black arrow) and numerous Trrcs-fronts
formed on/around (NH4)2SO4 crystals (white arrows). f, g, Trrcs-
front often starts at the edge of samples/films.

The formation of eutectic ice-(NH4).SO4 superlattice. All fro-
zen 10-48 wt% (NH,).SO, films/samples darken as temperature
increases (SV11-SV15, images 5c¢, 5d). At Tg, the dark struc-
ture abruptly collapses, indicating that it is the eutectic ice-
(NH,)2S0O4 superlattice. To our best knowledge, its structure is
unknown. For alloys, four eutectic superlattice structures were
identified: lamellar, rod-like, globular and acicular.** Most
likely, the striped structure of frozen FCS contain tiny regions
of the lamellar eutectic ice-(NH4).SO4 superlattice consisting of
the alternative molecular layers of ice and (NH,).SO,. Upon
warming, molecular diffusion increases, and the eutectic re-
gions grow owing to the recrystallization of ice and (NH,),SO.
microcrystals. The large number and different orientation of the
growing eutectic regions increase the sample optical density
and this explains the darkening process. The recrystallization of
the metastable ice/(NH4).SO4 structure into the lamellar eutec-
tic ice-(NH,),SO, superlattice is a new three-phase reaction.*



SV10 and image 5e demonstrate that the fast freezing Trrcs
begins spatially on/around (NH,),SO, crystals after the Trce-
front has passed them. It is obvious that the crystals do not in-
duce pointwise ice nucleation (image 4g), but spatial nucleation
of the lamellar eutectic ice-(NH,).SO, superlattice. Since ice
crystallizes much faster than (NH,),SOs, this leads to the for-
mation of metastable striped ice/(NH4).SO, structure discussed
above. In the samples without (NH,).SO, crystals, the fast
freezing Trrcs begins on crystals formed/nucleated within the
highly-supersaturated FCS, often at the edge of samples where
the concentration is larger due to water evaporation (images 5f
and 5g).

Stretched eutectic melting. In frozen hypoeutectic samples,
not all ice participates in the eutectic superlattice crystallization.
In frozen eutectic and hypereutectic samples, due to the non-
uniform IM/FCS morphology, there are regions in which part
of the ice also does not enter the eutectic superlattice. Above
Te, the formed eutectic solution accelerates the melting of the
remaining ice that makes the eutectic melting peak stretched
(Figure 1a).

Finally, the degree of supercooling of micrometer-scaled
(NH4)2SO4/H,0 drops is so large that Tr;ce 0ccurs near to, within
or below the temperature region where Trrcs occurs (Figure 2).
In this case the three freezing steps merge (Figure 1c), indicat-
ing that the freezing process of (NH,),SO4/H,0 is size-depend-
ent.®

In summary, the presented DSC results and OCM videos ex-
plain the nature of the three-step freezing and three-phase reac-
tion of deeply supercooled (NH4),SO4/H,0. These results ex-
tend the (NH,),SO4/H,O phase diagram and provide a new in-
sight into the physical chemistry of other deeply supercooled
solutions, whose behavior is not predicted by the phase dia-
gram. The proposed approach to estimate the FCS concentra-
tion (SI) makes it possible to use (NH4).SO4/H,O as a model for
the theoretical simulation of FIPS, which is currently in its in-
fancy. This work further demonstrates that instead of consider-
ing only ice nucleation, it is necessary to consider the entire
freezing process (ice nucleation, FIPS, ice/FCS morphology)
when studding and modeling the formation, development and
properties of ice clouds.?
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