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1. INTRODUCTION

The understanding of the freezing behavior of aqueous
solutions is important for different natural and industrial
processes.1�8 The freezing of bulk binary solutions is usually
viewed as follows: dilute solutions freeze above the eutectic
point, and a phase separation occurs into ice and a freeze-
concentrated residual solution. The latter is formed by the
expulsion and segregation of solute ions during the freezing
out of ice. As the temperature continues to decrease, the
concentration of the residual solution continues to increase
along the ice/solution equilibrium line until the eutectic point
is reached. When solutions are cooled below the eutectic point,
they freeze to a solid mixture of ice and salt-hydrate crystals.7 In
contrast to bulk solutions, micrometer-scaled droplets are easily
cooled much below the eutectic point.9�12 Recently, it has been
reported that larger, millimeter-scaled (NH4)2SO4/H2O dro-
plets of a subeutectic composition can be also cooled below the
eutectic point of Te ≈ 254.5 K, which is not consistent with the
“usual view” explained above.13,14 The millimeter-scaled
(NH4)2SO4/H2O droplets freeze in two steps: at first, pure ice
freezes out at Tice, and then a residual freeze-concentrated
solution freezes at Tres < Tice. Because the two freezing events
are observed in (NH4)2SO4/H2O droplets placed on an alumi-
num substrate, one may suggest that the Al substrate could be
responsible for this behavior. In aqueous droplets, which are in

contact with a surface, the freezing out of ice occurs hetero-
geneously, and different surfaces, having different ice nucleation
efficiencies, would produce different heterogeneous freezing
temperatures.4 However, it has not been investigated so far
whether substrates can govern the freezing of a residual solution
and, consequently, impact on the mutual distribution of the two
freezing temperatures Tice and Tres.

Millimeter-scaled droplets stand in a midposition between
bulk solutions and emulsified micrometer-scaled droplets. The
understanding of the heterogeneous freezing ofmillimeter-scaled
droplets can be important because, in nature, aqueous solutions
are often attached to different surfaces, for example, in soils,
rocks, trees, etc.15 It is obvious that the concentration and acidity
of the solution increase as ice freezes out.16,17 The rate of some
chemical reactions is increased in the unfrozen residual
solution.6,18�20 In frozen residual solutions, the chemical reac-
tions may, on the other hand, be extremely slow or suppressed
entirely. Whether the residual solution is frozen or not may also
impact on natural glacial systems. The glacial systems are formed
by the freezing of carbonate-bearing solutions and/or by refreez-
ing of meltwater that has contacted rock debris on or within ice
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ABSTRACT: Below the eutectic point of Te ≈ 254.5 K, millimeter-scaled
(NH4)2SO4/H2O droplets placed on an Al substrate produce two heterogeneous
freezing events: the freezing out of pure ice at Tice and the subsequent freezing of a
residual freeze-concentrated solution at Tres. Whether the appearance of Tice and Tres

is governed by the substrate, aging, and the size of droplets was unclear and is
investigated here. We present differential scanning calorimetry results of the study of
freezing aqueous 25 wt % (NH4)2SO4 droplets placed on 11 substrates of different
surface properties, including four oil�surfactant mixtures. The analysis shows the
following: (i) Independent of substrates, the two freezing events always appear below
Te, and Tice is always higher than Tres. (ii) The freezing out of ice consists of a fast
stage, during which the majority of ice is formed, and a sluggish stage, during which
the ice crystallization continues until the residual solution starts freezing. (iii) Tres is
more sensitive to surface properties thanTice; that is, the second freezing event related
to the residual solution takes place heterogeneously. (iv) The heterogeneous freezing of the residual solutionmost likely begins from
the nucleation of (NH4)2SO4 crystals. (v) The lanolin surfactant impacts the freezing behavior of 25 wt % (NH4)2SO4 droplets; that
is, in contrast to the past belief, lanolin can also impact the freezing behavior of emulsified droplets. (vi) The measurements of 2.5
month-old 25wt% (NH4)2SO4 droplets show that there is no reaction between lanolin andNH4

þ or SO4
2�. (vii) A 20-fold increase

of the mass of 25 wt % (NH4)2SO4 droplets does not impact the appearance of Tice and Tres.
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sheets.21 The presence of unfrozen residual solution between the
grain-scaled ice microstructures is also important in environmen-
tal issues, such as the evolution, rheology, and transport properties
of mountain glaciers, polar ice caps, and sea ice that are important
in a time of changing climate. The understanding of the freezing
behavior of sub- and micrometer-scaled aqueous droplets is
important for the atmosphere.5,10�14,22�25 Whether a residual
unfrozen solution exists around cloud ice particles, which are
formed after the freezing of atmospheric aerosol droplets—the
precursors of cirrus and polar stratospheric clouds (PSCs)—can
have important consequences for atmospheric chemistry (for
example, the change of the rate of polar stratospheric and upper-
tropospheric ozone destruction),10 the change of the radiative
properties of cirrus,24 and the uptake of water vapor (dominant
greenhouse gas) by cirrus ice particles.5,25 Because cirrus clouds
cover about 30%of the globe, themicrophysics of ice cirrus clouds
may be an important factor impacting on the climate and,
therefore, should be taken into account in climate models.

The study of the freezing behavior of sub- and micrometer-
scaled aqueous droplets is convenient using emulsions. In this
case, one studies large populations of emulsified droplets and
statistical trends rather than single droplets. Large populations of
emulsified droplets are often considered as an analogue of
atmospheric droplets—the precursors of upper tropospheric
(UT) cirrus and PSCs.5,10�12 Their freezing behavior is studied
in order to get insight into the formation mechanisms and
microphysical properties of cirrus and PSCs. Although the sizes
and concentrations of atmospheric and emulsified droplets can
be similar, their environment is completely different. In an
emulsion, the droplets are dispersed in an oil/surfactant matrix,
whereas in the atmosphere, they are suspended in the gaseous
phase. It is thought that the oil/surfactant matrix does not
significantly influence the freezing behavior of emulsified aqu-
eous droplets and, therefore, their freezing can be considered as
homogeneous.22 However, the impact of the oil/surfactant
matrix on the freezing behavior of emulsified droplets and, in
particular, on the appearance of the two freezing events of Tice

and Tres has not been investigated. Also, the impact of the size of
aqueous droplets and the aging of the solution/substrate inter-
face on the appearance of Tice and Tres has not been investigated.
The aim of this paper is to present the DSC results of the study of
the impact of different substrates, the mass (size) of droplets, and
the aging of the solution/surfactant interface on the appearance
of Tice and Tres during the cooling of millimeter-scaled 25 wt %
(NH4)2SO4 droplets.

2. EXPERIMENTAL SECTION

In freezing measurements, we use aqueous 25 wt %
(NH4)2SO4 droplets with a diameter of ∼0.3�2 mm (mass of
∼0.7�18 mg). The bulk 25 wt % (NH4)2SO4 solution is
prepared by mixing 99.99% (NH4)2SO4 crystals (Sigma Aldrich)
with the corresponding amount of ultrapure water. The con-
centration of 25 wt % (NH4)2SO4 is below the eutectic con-
centration of ∼40 wt % (NH4)2SO4. On cooling, 25 wt %
(NH4)2SO4 droplets produce two distinct freezing events
that are clearly seen as two exothermic peaks in DSC
thermograms.13,14 Measuring droplets of constant concentration
allows us to investigate the effect of substrates, aging, and size of
droplets on their freezing behavior without having to consider
effects (e.g., freezing temperature shifts) caused by the variation
of concentration.

The 25 wt % (NH4)2SO4 droplets are placed on 11 substrates:
(i) gold (Au), (ii) aluminum (Al), (iii) hydrophobic halocarbon
grease series 28LT, (iv) hydrophobic lanolin wax (Sigma
Aldrich), (v) hydrophilic halocarbon oil series 0.8 (Halocarbon
Products Corp.), (vi) mineral oil, (vii) a superhydrophobic
semifluorinated block copolymer with a contact angle for water
larger than 150�, and (viii) four oil/surfactant matrixes
(mixtures) that are used for the preparation of emulsions. The
oil/surfactant matrixes are mixtures of (i) 80 wt % halocarbon oil
series 0.8 þ 20 wt % lanolin, (ii) 77 wt % mineral oil þ 23 wt %
lanolin, (iii) 93 wt % halocarbon oil series 0.8þ 7 wt % Span 65,
and (iv) a 1:1 mixture of methylcyclopentane/methylcyclohex-
ane (Merck)þ 7 wt % Span 65.23 Lanolin wax is a natural organic
surfactant that consists of cholesterol, wool alcohols, and the
esters derived from several fatty acids. Span65 is a nonionic
surfactant. Lanolin and Span65 are widely used for the prepara-
tion of emulsions. Halocarbon oil series 0.8 is a low molecular
mass polymer of chlorotrifluoroethylene (PCTFE) and is che-
mically inert to practically all acids, alkalis, and oxidizing agents. A
mineral oil is composed mainly of alkanes (typically 15�40
carbons) and cyclic paraffins. Standard gold and aluminum DSC
crucibles with a volume of 40 μL were used as Au and Al
substrates. Because metallic Al, being exposed to atmospheric
oxygen, almost instantly becomes covered with an oxide Al2O3

film of ∼4 nm in thickness, the droplets are, in fact, in contact
with Al2O3. The substrates of grease, lanolin, a semifluorinated
block copolymer, halocarbon and mineral oils, and four oil/
surfactant matrixes are thin films on the bottom and walls of Al
crucibles. The film of semifluorinated block copolymer is pre-
pared according to the procedure described elsewhere.26 On the
substrates of Au, Al (Al2O3), halocarbon grease, and lanolin wax,
25 wt % (NH4)2SO4 droplets form approximately a hemisphere
with a contact angle of ∼70�80�. On the surface of the
semifluorinated block copolymer, the droplets have a contact
angle of ∼90�100�. On the hydrophilic films of halocarbon oil
and four oil/surfactant matrixes, the 25 wt % (NH4)2SO4

solution forms a thin film. The large distribution of contact
angles, from 0� on hydrophilic substrates to ∼90�100� on the
semifluorinated block copolymer, indicates that the substrates
used possess different surface properties.

The freezing measurements were performed with a Mettler
Toledo DSC 822 calorimeter. The calorimeter is well-calibrated
and reproduces the melting points of indium (429.75 K), water
(273.15 K), and heptane (182 K) to better than (0.3�0.4 K.
The measurements were performed at a scanning cooling and
warming rates of 3 K/min between 278 and 133 K. A number of
repeated measurements were done to verify the reproducibility
of results. For example, we performed more than 25 measure-
ments of 25 wt % (NH4)2SO4 droplets placed on a halocarbon oil
þ lanolin mixture (matrix), more than 20 measurements of
droplets placed on Al (Al2O3), and from 3 to 15 measurements
on each of the other substrates. The repeated measurements
were of two types: (i) on the same 25 wt % (NH4)2SO4 droplets
and (ii) on different 25 wt % (NH4)2SO4 droplets. In the case of
Au crucibles, the repeated measurements were on the same
droplet. Before each measurement, the Au crucible was shaken in
order to move the droplet to another position. Au crucibles are
expensive and such a procedure allows performing repeated
measurements using one Au crucible.

To verify the stability of the (NH4)2SO4/H2O/lanolin inter-
face, a part of the measurements was performed on the same
“fresh” and “aged” droplets that were placed on lanolin and
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oil/lanolin substrates. “Fresh” means that the measurements
were completed within less than 2 h after the droplets were
put in contact with the lanolin-containing substrates. “Aged”
means that the droplets were in contact with the lanolin-contain-
ing substrates for more than 2.5 months before the second
measurements started. The weighing showed that the mass of
“fresh” and “aged” droplets was the same.

The time needed for the loading of droplets into DSC
crucibles and their subsequent hermetical cold sealing was less
than ∼15 s. The measurements of the droplets with a mass
smaller than 1 mg (see Figure 11) showed that the amount of
evaporated water during the loading was large enough to change
the concentration. The increase of the concentration is easily
detected by the shift of the melting temperature of ice to colder
temperature in DSC thermograms.

3. RESULTS AND DISCUSSION

3.1. Two Freezing Events, Tice and Tres. Figure 1 presents the
collection of typical thermograms obtained during the cooling/
warming of 25 wt % (NH4)2SO4 droplets placed on 10 substrates
of different surface properties. (The 11th substrate is discussed in
section3.10.) It is seen that independent of the substrates, all
cooling thermograms contain two freezing events: the freezing
out of pure ice, Tice (large exothermic peaks), and the freezing of
a residual solution,Tres (small exothermic peaks). In the warming
thermograms, the two melting events of Tres,m and Tice,m are
due to the melting of the eutectic mixture of ice/(NH4)2SO4

(cold endothermic peaks) and pure ice, respectively.13 Note that
the lowest black and red thermograms in Figure 1a,i, respectively,
contain four freezing peaks: two large peaks of Tice and two small
peaks ofTres. These thermograms are obtained from two separate
droplets placed in one Al crucible. However, the corresponding
warming thermograms contain only two melting events as in the
warming thermograms of single droplets. Figure 1 shows that, in
all thermograms, the peak melting temperatures are constant,
Tres,m ≈ 257 K and Tice,m ≈ 265 K. It should be recalled that, by
definition, the eutectic melting temperature of Te ≈ 254.5 K is
the onset of the melting of the eutectic ice/(NH4)2SO4

mixture.13,27 Indeed, the onset temperatures extracted from the
thermograms in Figure 1 do not deviate by more than (0.5 K
from 254.5 K. Figure 1 shows that, independent of the surface
properties of the substrates, the two freezing events Tice and Tres

always fall well below the Te.
The fact that the peak melting temperature of ice, Tice,m ≈

265 K, is the same in all thermograms indicates that the overall
concentration of 25 wt % (NH4)2SO4 is not changed on the
time-scale of measurements less than 2 h (see the Experimental
Section). The Tice,m agrees with the melting point of 25 wt %
(NH4)2SO4 solution in the equilibrium phase diagram of
(NH4)2SO4/H2O.

13,27 Further, Figure 1 shows that there is no
indication of other freezing events on cooling from Tres to 133 K.
On subsequent warming, there are no melting events up to Te.
The magnification of the low-temperature parts of the cooling/
warming thermograms shows no indication of glass transition
that usually manifests itself by a step in a baseline. In ref 14, we

Figure 1. DSC cooling/warming thermograms of 25 wt % (NH4)2SO4 droplets placed on 10 different substrates: (a) mineral oil, (b) Al (Al2O3), (c)
Au, (d) lanolin wax, (e) halocarbon grease, (f) halocarbon oil series 0.8, and four oil�surfactant mixtures of (g) a 1:1 mixture of methylcyclopentane/
methylcyclohexaneþ 7 wt % Span65, (h) 93 wt % halocarbon oil series 0.8þ 7 wt % Span65, (i) 77 wt %mineral oilþ 23 wt % lanolin, and (j) 80 wt %
halocarbon oil series 0.8 þ 20 wt % lanolin. The large and small exothermic peaks directed upward are due to the heat of fusion released during the
freezing out of pure ice and the freezing of a residual solution, respectively. The endothermic peaks directed downward are produced by the heat of fusion
absorbed during the melting of eutectic ice/(NH4)2SO4 (cold peak) and pure ice, respectively. The lowest black thermogram in (a) and the lowest red
thermogram in (i) were obtained from two droplets placed in one crucible. Therefore, these thermograms contain four freezing peaks. The dotted line
indicates the peakmelting temperature of iceTice,m≈ 265 K. The two dashed lines indicate the temperature region of∼210�225 K (see text for details).
The mass of droplets is ∼5�12 mg. The cooling/warming rate is 3 K/min. The scaled bars denote the heat flow through droplets.
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reported that micrometer-scaled emulsified (NH4)2SO4/H2O
droplets produce a subtle glass transition at Tg ≈ 172 K. This is
accounted for by the small size of droplets that are capable of
producing the glass transition at cooling rate as small as 3 K/min. It
is possible that a very large cooling rate would produce a glass
transition also in millimeter-scaled droplets. The interplay be-
tween the appearance of the glass transition, the size of glass
forming liquids, and the applied cooling rate is briefly discussed in
ref 25. Because there is no transition below Tres, some measure-
ments were performed down to only slightly belowTres (Figure 1).
In the temperature region between Tice and Tres, the droplets

(films) are in the mixed-phase state: pure ice and a residual
freeze-concentrated (NH4)2SO4/H2O solution. Most likely, the
residual solution is in contact with both ice and substrates, as is
schematically shown in Figure 2. The residual solution wets and
coats ice and, therefore, may reach substrates. Our numerous
optical microscopy observations show that, on hydrophobic
substrates, aqueous droplets, including (NH4)2SO4/H2O drop-
lets, always preserve a half-spherical form after freezing (not
shown). Although the optical microscopy observations show the
presence of a residual solution on the surface of droplets between
Tice and Tres (not shown), we do not completely exclude the
possibility that some of the residual solution may exist inside ice
as “veins”. However, because the size of droplets is small (less
than 2 mm), the amount of the residual solution in the “veins”
may be very small. Because droplets (films) are placed on
substrates, the freezing out of pure ice occurs heterogeneously.
Being in contact with substrates and ice, the residual solutionmay
also freeze heterogeneously. Below the impact of substrates
on the two freezing events will be analyzed separately for Tice

and Tres.
3.2. Impact of Substrates on Tice. Figure 1 demonstrates that

the average heterogeneous freezing temperatures of ice Tice,n
avr

are quite similar despite that the substrates possess different

surface properties. A subscript n varies between 1 and 10
according to the letters denoting the panels of Figure 1a�j.
The scattering of individual Tice’s around the Tice,n

avr is different,
being the smallest for mineral oil (Figure 1a) and the largest for
the Au substrate (Figure 1c). Table 1 is presented to show the
average freezing temperatures of Tice,n

avr and their standard
deviations of σn. The Tice,n

avr’s and σn’s have been calculated over
all thermograms obtained on substrates, not only over those ones
collected in Figure 1. In Table 1, the capital letterN is the number
of measurements performed on each substrate. For a better
demonstration, the Tice,n

avr and σn are also presented in Figure 3.
It is seen that the difference between thewarmestTice,f

avr obtained
on halocarbon oil and the coldest Tice,j

avr obtained on the
halocarbon oil/lanolin mixture is only∼6 K. Figure 3 shows that
the Tice,n

avr’s can be divided into two groups: a “warm” group in
which the warmer Tice,n

avr’s are obtained on the five substrates of
a, b, c, e, and f (see Table 1 and Figure 3) and a “cold” group in
which the colder Tice,n

avr’s are obtained on the substrates denoted
by d, g, h, i, j, and k in Figure 3. The letter k denotes a
semifluorinated block copolymer substrate. The phase transitions
of 25 wt % (NH4)2SO4 droplets placed on the semifluorinated
block copolymer will be discussed in section 3.10.
Large bulk aqueous solutions, which are made of not suffi-

ciently pure components, freeze heterogeneously owing to
immersed ice nuclei that can be nanometer-sized dust particles
or/and other solid impurity inclusions.4 Although our milli-
meter-scaled droplets are considerably smaller than bulk solu-
tions, they nevertheless are much larger than micrometer-
scaled emulsified droplets. The emulsification procedure, which

Figure 2. Scheme of partly frozen (a) 25 wt % (NH4)2SO4 droplets
placed on hydrophobic substrates and (b) 25 wt % (NH4)2SO4 films
formed on hydrophilic substrates.

Table 1. Average Temperatures of the Freezing Out of Ice, Tice,n
avr, Standard Deviation, σn, and the Number ofMeasurements,N,

Performed on Each Substratea

a b c d e f g h i j k

N 10 22 8 15 6 8 3 4 9 26 6

Tice,n
avr 244.8 244.3 244.6 241.5 244.1 246.1 241.3 242.5 240.9 240.2 242.3

σn (0.6 (2.4 (4.5 (1.9 (3.7 (2.2 (0.9 (1.5 (0.9 (2.9 (3.1
aThe letters correspond to the substrates depicted in Figure 1a�j, respectively. The letter k denotes the substrate of the semifluorinated block copolymer
(see section 3.10).

Figure 3. Average temperatures of the freezing out of ice, Tice,n
avr, and

standard deviation, σn, calculated for each substrate in Figure 1. The
letter k denotes the substrate of the semifluorinated block copolymer
(see section 3.10).
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produces a huge number of droplets, segregates and isolates
immersed foreign ice nuclei within the small fraction of droplets.
Because emulsified droplets are isolated from each other by the
oil/surfactant matrix, the majority of droplets freeze homoge-
neously (if there is no interaction between liquid and surfactant).
Only those droplets, containing ice nuclei, will freeze heteroge-
neously at warmer temperature. In our case, below, we will
consider two situations of the freezing of droplets. (i) We assume
that the heterogeneous freezing of our droplets is initiated solely
by substrates because our 25 wt % (NH4)2SO4 solution is
prepared using ultrapure deionized water and 99.99% (NH4)2-
SO4 crystals. (ii) We also consider a situation when the freezing of
droplets is triggered by rare solid dust particles that may exist in
droplets despite the considerable purity of the water and ammo-
nium sulfate. It had been reported some time ago that, even if
considerable care is taken, such solid nuclei still may exist.28

On substrates, the freezing out of pure ice is initiated hetero-
geneously by ice nucleating sites that can be seen as configura-
tions of surface electrical fields capable of reducing an energy
barrier needed for the formation of a critical ice embryo. The ice
nucleating sites possess different ice nucleation efficiencies; that
is, they can initiate ice nucleation at different temperatures. On
solids, in our case of Au and Al (Al2O3) surfaces, the ice-
nucleation-favorable electrical fields can be formed around
cracks, dislocations, structure irregularities, etc.4 On the dense
films of lanolin wax and halocarbon grease, they can be formed by
the complex surface topology and, in the case of mineral and
halocarbon oils and the four oil/surfactant mixtures, by a
particular arrangement of surface long-chain organic molecules.
Usually, substrates of different surface properties possess differ-
ent densities of ice nucleating sites of different ice nucleating
efficiencies.4 If so, then in Figures 1 and 3, one would expect not
only different scattering of individual Tice’s but also the different
values of Tice,n

avr. However, as is indicated above, the situation is
not as expected: the measured Tice,n

avr’s are quite similar, and the
difference between the warmest and coldest values is only∼6 K,
as is seen in Figure 3.
To account for the quite similar heterogeneous Tice,n

avr’s
obtained on the substrates of different surface properties, we
put forward a hypothesis that NH4

þ and SO4
2� ions adsorb at

the solution/substrate interfaces and modify ice-nucleation-
favorable electrical fields. In this case, the interaction of the
modified electrical fields with polar H2O molecules will govern
ice nucleation and, consequently, Tice. The adsorbed NH4

þ and
SO4

2�may neutralize the “warm” ice nucleation sites that would
even out the ice nucleating efficiency of the solution/substrate
interface. The evened out ice nucleation efficiencies would
produce similar Tice,n

avr’s and less scattered individual Tice’s,
which are seen in the majority of panels in Figure 1. The
neutralization of warm ice nucleation sites may result in the
colder average Tice,n

avr in comparison with the average freezing
temperatures of pure water droplets, Tice,w

avr, as is seen from the
comparison of Figures 1 and 4. In Figure 4, the thermograms of
pure water droplets placed on Al (Al2O3) and halocarbon grease
are shown. It is seen that both substrates produce almost the
same heterogeneous freezing temperature of Tice,w

avr ≈ 251 K.
Of course, the colder Tice,n

avr in comparison with the Tice,w
avr can

be partly accounted for by the presence of (NH4)2SO4, which
increases the supersaturation required for ice nucleation to occur
when compared to pure water. An aspect to note is that the
scattering of the individual Tice,w’s around the Tice,w

avr is similar
to the scattering of Tice's presented in Figure 1b,e. These results

seem to contradict the above-proposed hypothesis. However,
one may assume that the roughness over a 1 μm2 of solid Al
(Al2O3) and dense grease is large and the adsorbed NH4

þ and
SO4

2� may not sufficiently even out their ice nucleating effi-
ciency, which may result in the similar scattering of the Tice,w’s
and Tice’s. Indeed, an atomic force microscopy (AFM) image of
the surface of the Al crucible shown in Figure 5 demonstrates that
the surface topology of the Al (Al2O3) surface is complex and the
roughness over a 1 μm2 is quite large.
An alternative explanation of the quite similar heterogeneous

Tice,n
avr is based on the presence of nanometer-sized dust ice

nuclei immersed into 25 wt % (NH4)2SO4 droplets. We men-
tioned above that, even if considerable care is taken, such solid
dust ice nuclei still may exist in solution droplets.28 The most
effective immersed dust ice nucleus can trigger the freezing out of

Figure 4. DSC thermograms obtained from eight ultrapure water
droplets placed on the substrates of Al (Al2O3) (upper four thermo-
grams) and halocarbon grease (lower four thermograms). Numbers
denote the mass of droplets. Cooling and warming scanning rates are
3 K/min. The scale bar indicates the heat flow through droplets.

Figure 5. Atomic force microscopy (AFM) image of the surface of the
Al (Al2O3) DSC crucible.
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ice in the whole droplet. If so, then the droplets placed on the
substrates of a�k (see Figures 1 and 3) should contain at least
one such effective nucleus whose ice nucleating efficiency is in the
temperature region shown in Figure 3. The ice nucleating
efficiency of the nucleus should be “warmer” or at least similar
to the ice nucleating efficiency of surface ice nucleating sites of
any substrate, including the Al (Al2O3) substrate. However,
Figure 5 demonstrates that the very rough surface of the Al
(Al2O3) substrate can possess a variety of ice nucleating sites
whose ice nucleating efficiency can vary in large limits. It looks
unlikely that 25 wt % (NH4)2SO4 droplets produced of ultrapure
water and 99.99% (NH4)2SO4 crystals would uptake dust ice
nuclei of “warm” and uniform-ice-nucleating-efficiency from labora-
tory air. The time of solution preparation is about 1�2 min,
which includes the weighing of solid (NH4)2SO4 and addition of
H2O. The time needed for the loading of droplets into DSC
crucibles is ∼15 s (see the Experimental Section). However, we
do not rule out the second explanation which, similar to the first
one, is also hypothetical and needs experimental verification. To
verify the validity of the discussed above two approaches, further
study is needed. For the time being, our aim in this section is to
present a new idea that the adsorbed ions of the solute may
neutralize and modify surface ice nucleating sites on the solution/
substrate interface.
Physically, the neutralization of warm ice nucleation sites and

the concomitant evening out of their ice nucleation efficiency can
be due to the formation of multimolecular ions/H2O layers near
the substrates. H2O molecules in the vicinity of the adsorbed
NH4

þ and SO4
2� ions are in amore ordered arrangement than in

bulk. The probability of ice nucleation within the ordered H2O is
smaller than that in disordered H2O because of the additional
energy needed for the rearrangement of H2O molecules into the
icelike structure of a critical ice embryo.4 As a result, the
heterogeneous freezing of aqueous solutions occurs at colder
temperature than the heterogeneous freezing of pure water. Of
course, as we mentioned above, the presence of solute increases
ice supersaturation required for ice nucleation to occur when
compared to pure water supersaturation.
The small difference between the Tice,n

avr of the “warm” and
“cold” groups of substrates seen in Figure 3 may be accounted for
as follows. The OH functional groups of surfactants are directed
toward solution and form a uniform surface electrical potential.
Therefore, the molecular layers of liquid adjacent to the oil/
surfactant mixtures would be in a more ordered arrangement
than the molecular layers adjacent to the substrates of the cold
group. Themore orderedmolecular arrangement can be a reason
that the average freezing temperatures obtained on the d, g, h, i, j,
and k substrates (see Figure 3) are slightly colder than those
obtained on the other five substrates of a, b, c, e, and f.
3.3. Two Stages of the Freezing Out of Pure Ice. Figure 6

presents the 20-fold magnification of thermograms obtained
from 25 wt % (NH4)2SO4 droplets placed on hydrophilic
halocarbon oil and hydrophobic lanolin substrates. The magni-
fied thermograms obtained from the droplets placed on other
substrates are similar. The small exothermic and endothermic
peaks at ∼223 K are due to para-to-ferroelectric (P f F) and
ferro-to-paraelectric (Ff P) transitions that occur in crystalline
(NH4)2SO4.

13 In Figure 6a, the upper two thermograms are
obtained from the same droplet with the time interval of 64 days
between the two measurements. It is seen that the thermograms
are practically identical; that is, the smooth inert substrate of
halocarbon oil does not impact on the freezing behavior of the

droplet. The effect of the aging of the solution/substrate interface
on the appearance of Tice andTres will be discussed in section 3.6.
Figure 6 shows that the slope and height of the part of

thermograms between Tice and Tres differ from those prior to
the Tice and after the Tres. The parts of the thermograms prior to
the Tice and after theTres are straight lines (baselines) that do not
contain any exothermic transition peak(s) and/or a step of glass
transition. The part of the thermogram between the Tice and Tres

is higher and inclined from the Tice to the Tres. The presence of
the inclined thermogram indicates that the freezing out of pure
ice proceeds in two stages. During the first fast stage, which
produces the large peak at Tice, the majority of ice is rapidly
formed. During this stage, the concentration of the rejected
NH4

þ and SO4
2� ions in the residual solution increases rapidly.

During the second sluggish stage, which is between the Tice and
Tres, the freezing out of ice gradually continues and the concen-
tration of the residual solution slightly increases. Figure 6 also
shows that the duration of the sluggish stage can be different. In
the case when the two freezing events partly overlap, the sluggish
stage is absent, as is seen in the lower red cooling thermogram in
Figure 6b. The larger the duration of the sluggish stage is the
higher the concentration of a residual solution. More about the
concentration of the residual solution will be given in section 3.7.
As is seen in Figure 6, the height of the baseline is different

before and after the freezing and melting transitions. The
different heights of the baselines are due to the fact that the heat

Figure 6. Twenty-fold magnification of the thermograms of 25 wt %
(NH4)2SO4 droplets placed on (a) hydrophilic halocarbon oil and (b)
hydrophobic lanolin wax. In panel (a), the two upper thermograms were
obtained from the same droplet: the truncated red thermogram from the
fresh droplet and the complete black thermogram from the 64 day-old
droplet. The para-to-ferroelectric (P f F) and ferro-to-paraelectric
(Ff P) transitions in crystalline (NH4)2SO4 at∼223 K are seen in the
cooling and warming thermograms, respectively.13 The numbers denote
the mass of droplets. The cooling/warming rate is 3 K/min.
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capacity, Cp, of the droplets changes during the first-order phase
transitions.29 In Figure 7, the difference of the height of baselines
before/after the freezing/melting transition is shown for a pure
water droplet. Because the heat capacity of ice30 is smaller than
that of liquid water,31 the height of the baseline lowers during
freezing and increases during melting. Figure 6 shows that the
height of the parts of thermograms corresponding tomixed-phase
droplets (between the Tice and Tres) is higher than that of the
unfrozen droplets. This means that latent heat is also produced in
the second, sluggish part. The latent heat production ceases
slowly (inclined part between the Tice and Tres), and after some
time, it can no longer be detected. In the absence of latent heat
production, the baseline reflects the heat capacity of the mixed-
phase droplets, which is in between the heat capacity of the
unfrozen solution and the heat capacity of the completely frozen
droplets. Between ∼240 and 220 K (Figure 6a), the “apparent”
heat capacity (containing the latent heat contribution) is still
higher than the heat capacity of the liquid droplet, which indicates
that ice slowly precipitates in the whole temperature range. Note
that the heat capacity is also slightly changed during the Pf F and
F f P transitions in crystalline (NH4)2SO4.
3.4. Impact of Substrates on Tres. The impact of the surface

properties of substrates on Tres has not been studied before
because the existence of the two freezing events in millimeter-
scaled (NH4)2SO4/H2O droplets has been found only
recently.13 Earlier, even three freezing events were detected
during the cooling of small (NH4)HSO4/H2O solution
samples.32,33 It was also reported that two or three freezing
events appear during the cooling of micrometer-scaled emulsi-
fied binary and multicomponent aqueous droplets.5,25,32 The
understanding of the impact of substrates on Tres of aqueous
droplets can be useful, for example, for cloud physics. It is
believed that, in the atmosphere, cirrus ice clouds may be formed
by both homogeneous and heterogeneous freezing of aqueous
droplets, including (NH4)2SO4/H2O.

34�37 The knowledge of
whether, at atmospheric temperatures, the atmospheric ice nuclei
induce one freezing event, of Tice, or two, of Tice and Tres, is

important because, in the former case, cirrus particles would be
mixed-phased and, in the latter case, completely solid. The
different phase states of cirrus ice particles can impact differently
the atmospheric physical and chemical processes (the rate of
heterogeneous reactions destructing the upper tropospheric
(UT) ozone, the uptake of moisture by cloud particles in the
UT, the radiative properties of cirrus, etc.), which ultimately may
impact the climate.5,24,25

The scattering of Tres’s is larger than that of Tice’s, as is seen in
Figure 1. Tres is encountered in the immediate vicinity of the
corresponding Tice (the blue thermogram in Figure 1a and the
black one in Figure 1b) and can be more than 30 K colder than
Tice (the red thermogram in Figure 1b). The large scattering of
Tres’s leads us to an important conclusion, namely, that ice, which
is always in contact with the residual solution (see Figure 2), does
not trigger heterogeneous freezing of the residual solution. If it
were triggering it, then the scattering of Tres’s would have been
much smaller or even absent.
The analysis of numerous thermograms (also those not

presented in Figure 1) indicates that, excluding the measure-
ments on lanolin wax (Figure 1d) and the two oil/lanolin
mixtures (Figure 1i,j), the majority of Tres’s falls in a temperature
region of ∼210�225 K. A small part of all measured Tres’s (less
than ∼20%) falls in between this region and the corresponding
Tice’s. The examples of thermograms in which Tres’s are in
between the ∼210�225 K region and the corresponding Tice’s
are shown in Figure 1a,b,d,e,f. In rare cases, the freezing peaks of
Tres andTice can strongly overlap, as is seen in Figure 8. However,
for all substrates, we have never obtained thermograms in which
the two freezing events overlap completely, that is, Tice � Tres >
0. This is understandable because the nucleation and subsequent
crystallization of solid require supersaturation. Ammonium
sulfate remains unsupersaturated at Tice, because the solubility
line of (NH4)2SO4 is very steep, and therefore, the 25 wt %

Figure 8. Examples of thermograms in which Tres is outside the region
of 210�225 K (see text for details). (a) Thermograms obtained from
two droplets placed on a halocarbon oil þ lanolin mixture. (b)
Thermograms obtained from two droplets placed on Al (Al2O3). The
mass of droplets is indicated. The arrow points to the freezing peak of the
residual solution. Themagnified parts show Pf F and Ff P transitions
at∼223 K in the cooling and warming thermograms, respectively.13 The
cooling/warming rate is 3 K/min.

Figure 7. Fifty-fold magnification of the cooling (upper blue) and
warming (lower red) thermograms of a pure water droplet. The
thermograms show the change of the height of the baseline before and
after the freezing and melting transitions. The droplet is placed on the Al
(Al2O3) substrate. The onset of freezing is at ∼250 K. The exothermic
freezing and endothermic melting peaks are truncated to fit the figure.
The mass of droplets is 4.97 mg. The cooling/warming rate is 3 K/min.
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(NH4)2SO4 concentration is far on the left side of the solubility
line extrapolated to low temperature (see Figure 10 and section
3.7). The measurements of 25 wt % (NH4)2SO4 droplets show
that, independent of the surface properties of the studied
substrates, the majority ofTres’s tends to fall into the temperature
region of ∼210�225 K. This result is similar to that found for
5�38 wt % (NH4)2SO4 droplets placed on Al (Al2O3).

14 The
fact that the residual (NH4)2SO4/H2O solution tends to freeze
in a narrow temperature region is not unique. A residual solution
formed after the freezing out of pure ice in micrometer-scaled
emulsified H2SO4/H2O droplets also freezes in a narrow tem-
perature region (see Figure 1 in ref 38).
The tendency of Tres to occupy a relatively narrow tempera-

ture region may be accounted for by the fact that the concentra-
tion of the residual (NH4)2SO4/H2O solution varies in relatively
small limits. The scattering of Tres’s within the ∼210�225 K
region may be due to different active sites (different local surface
electrical fields) capable of triggering the freezing of the residual
solution at different Tres’s. The rare freezing events, when Tres

and Tice partly overlap or Tres is in close vicinity to the
corresponding Tice, may be brought about by some specific
nuclei (for example, contaminations) capable of inducing the
heterogeneous freezing of the residual solution at warmer
temperature. The mechanism of the freezing of the residual
solution will be discussed in section 3.7.
3.5. Impact of Lanolin on Tres. Figure 1d,i,j demonstrates that

the 25 wt % (NH4)2SO4 droplets placed on pure lanolin wax and
two oil/lanolin mixtures systematically produce Tres

lanolin warmer
than Tres’s produced by the droplets placed on other substrates.
(To distinguish between Tres obtained on lanolin-containing
substrates and that obtained on other substrates, we name the
former asTres

lanolin). In a series of 15measurements performed on
lanolin wax (see Table 1), only one measurement gives Tres

lanolin

in the region of ∼210�225 K (blue cooling thermogram in
Figure 1d). In a series of 35 measurements performed on the two
oil/lanolin mixtures, all Tres

lanolin are warmer than the region of
∼210�225 K (Figure 1i,j). For example, the Tres

lanolin’s obtained
on the mineral oil/lanolin mixture are between 228 and 233 K
and, on halocarbon-oil/lanolin mixture, between 230 and 235 K.
Although the difference is small, it nevertheless is clearly detect-
able and suggests that the type of oil may also impact the Tres’s.
However, in contrast to the lanolin-containing mixtures, the
measurements of the droplets placed on the two Span65-contain-
ing mixtures produce Tres’s that are well within the region of
∼210�225 K (Figure 1g,h). Thus, the analysis of panels d and
g�i in Figure 1 (and also thermograms not shown in Figure 1)
indicates that the surfactant and, to a lesser degree, the oil can
change the Tres’s of the residual solution.
The warmer Tres

lanolin’s obtained on the lanolin-containing
substrates suggest that the interaction between NH4

þ, SO4
2�,

and lanolin may be stronger than the interaction between NH4
þ,

SO4
2�, and other substrates. As reported in the Experimental

Section, lanolin consists of cholesterol, wool alcohols, and the
esters derived from several fatty acids. The ions of NH4

þ and
SO4

2� may interact more strongly with the functional groups of
these organic substances than with other substrates. However,
the strong interaction does not involve a chemical reaction,
which would produce a new substance (product). The magnifi-
cation of low-temperature thermograms down to 133 K does not
reveal any new transition peak(s) that would characterize the
phase transitions associated with the newly formed substance.
Also, as indicated in section 3.1, the overall concentration of

droplets of 25 wt % (NH4)2SO4 is not changed on the time-scale
of measurements of less than 2 h. This is inferred from the fact
that the melting point of ice of Tice,m ≈ 265 K is constant.
Whether there is a slow reaction, which could manifest itself on
the large time-scales, is discussed in the next subsection.
3.6. Impact of Aged Solution/Lanolin Interface on Tres

lanolin.
One may assume that a possible slow reaction of NH4

þ and
SO4

2� with lanolin could be detected on the time-scale much
larger than 2 h. In this case, the reaction could manifest itself by
the change of the overall concentration of droplets and/or by the
appearance of new transition event(s) in the corresponding
thermograms. The change of the overall concentration of “aged”
droplets would necessarily change the melting temperature of
ice, Tice,m, in the “aged” thermograms in comparison with the
Tice,m in the “fresh” thermograms. In Figure 6a, the fresh and
aged, 64 day-old thermograms obtained from the same droplet
placed on halocarbon oil are shown. Because halocarbon oil is
chemically inert to practically all acids, alkalis, and oxidizing
agents (see Experimental part), the aged thermograms contain
no evidence of any new transition events or the change of the
overall concentration.
To verify whether a slow reaction of NH4

þ and SO4
2� with

lanolin exists or not, we performed a series of double measure-
ments of the same 25 wt % (NH4)2SO4 droplets placed on
lanolin wax and halocarbon oil/lanolin mixtures. The first
measurements were performed on “fresh” droplets and the
second ones on “aged”, more than 2.5 months old, droplets.
Figure 9 is presented to demonstrate the comparison of fresh and
aged thermograms. It is seen that, in the aged thermograms, (i)
there is no additional freezing/melting event and (ii) the peak
melting temperature of ice, Tice,m ≈ 265 K, is the same as in the
fresh thermograms. The latter means that the overall concentra-
tion of droplets is not changed during the aging period of more
than 2.5 months. Figure 9 also shows that the position of
Tres

lanolin in the aged thermograms can be changed (Figure 9a,
b) and unchanged (Figure 9c) relative to the position ofTres

lanolin

in fresh thermograms. The analysis of the aged thermograms also
shows that Tres

lanolin’s do not jump below 210 K (i.e., in the
∼210�225 K region). The similarity of the scattering of aged
and fresh Tres

lanolin’s suggests that the aging of 25 wt %
(NH4)2SO4 droplets does not change the concentration of the
residual solution too; that is, the shift of Tres

lanolin to warmer
temperatures is independent of the aging of the solution/lanolin
interface. The above discussion indicates that there is no slow
reaction of NH4

þ and SO4
2� ions with lanolin. Therefore, most

probably, the interaction between NH4
þ and SO4

2� ions and
lanolin is simply physical adsorption, not a chemical reaction.
3.7. What Drives Tres

lanolin to Warmer Temperature? The
nature of the mechanism that drives Tres

lanolin to warmer
temperatures is not completely clear. We propose the following
explanation. Our previousmeasurements14 show thatTice,5�38 wt %,
of millimeter-scaled droplets placed on the Al (Al2O3) substrate
decreases with increasing concentration from 5 to 38 wt %
(NH4)2SO4. In Figure 10, the transition temperatures of
Tice,m,5�38 wt %, Tice,5�38 wt %, and Te taken from ref 14 and the
freezing temperatures of emulsified (NH4)2SO4/H2O droplets,
Tf,emul, taken from ref 12 are superimposed on the phase diagram
of (NH4)2SO4/H2O.

27 The Tf,emul’s are supposed to be homo-
geneous freezing temperatures of micrometer-scaled droplets
and presented for comparison. Also shown by the filled dots are
Tres

lanolin’s taken fromFigure 1i,j (see section 3.5). The volume of
25 wt % (NH4)2SO4 droplets and the volume of the residual
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solution formed after Tice are comparable. Therefore, the differ-
ence between the Tice and Tres

lanolin is mainly due to the different
concentrations, not the different sizes. Having the freezing
temperatures of Tres

lanolin, the concentration of the residual
solution can be determined using the experimentally constructed
Tice,5�38 wt % curve shown in Figure 10, becausemillimeter-scaled
5�38 wt % (NH4)2SO4 droplets

14 have similar sizes as 25 wt %
(NH4)2SO4 droplets. The concentration of the residual solution
will be that which corresponds to the intersection points of the
purple region with the Tice,5�38 wt % curve, that is, between ∼35
and 40 wt % (NH4)2SO4 (Figure 10). (If we take into account
the difference of Tice,b

avr� Tice,j
avr≈ 4 K from Figure 3, then the

Tice,5�38 wt % curve should be shifted to a colder region by∼4 K.
The shift will give the concentration of the residual solution
slightly smaller, between∼33 and 38 wt% (NH4)2SO4.) In other
words, having the experimental freezing Tice,5�38 wt % curve, we
are able to determine the concentration of the residual solution
by using the measured Tres

lanolin. In similar way, using the
extrapolation of the Tice,5�38 wt % curve above 38 wt %
(NH4)2SO4 (blue dotted-dashed line in Figure 10), the con-
centration of the residual solution that freezes in the ∼210�
225K regionwill be between∼43 and50wt% (NH4)2SO4 (or, for
the shifted Tice,5�38 wt % curve, down by ∼4 K, between ∼41 and

49 wt % (NH4)2SO4). Thus, the shift of theTres
lanolin’s to warmer

temperature may be accounted for by the lower concentration of
the residual solution formed in 25 wt % (NH4)2SO4 droplets
placed on lanolin-containing substrates in comparison with the
concentration of the residual solution that freezes in the
∼210�225 K region. However, the reason for the reduction of
concentration remains unclear. It could be brought about by the
increased adsorption of NH4

þ and SO4
2� on lanolin functional

groups because of increased concentration after the freezing out
of pure ice.
An alternative determination of the concentration of the

residual solution of 25 wt % (NH4)2SO4 droplets has been put
forward by a referee of the paper, who proposed that the
concentration has to be determined by using the extrapolation
of the equilibrium ice melting curve to concentration much below
the eutectic concentration, that is, by using the line of EC in
Figure 10. After the freezing out of pure ice, for example, at 242 K,
the concentration of the residual solution would abruptly jump to
the point D (a fast stage of the freezing out of pure ice discussed
in section 3.3) and then gradually increase along the EC line (a
sluggish stage), as indicated by the arrows in Figure 10.

Figure 10. Solid red line is the equilibrium phase diagram of
(NH4)2SO4/H2O.

27 The open red and blue triangles are the melting
and freezing temperatures, Tice,m,5�38 wt % and Tice,5�38 wt %, of pure ice
of millimeter-scaled 5�38 wt % (NH4)2SO4 droplets,14 respectively.
The red circles are the eutectic melting temperature of Te.

13 Note that
the Te’s correspond to the eutectic concentration of ∼40 wt %
(NH4)2SO4, not to the overall concentration of droplets. The black
open circles are the homogeneous freezing temperatures of emulsified
(NH4)2SO4/H2O droplets, Tf,emul, taken from ref 12. The black dots are
Tres

lanolin’s taken from Figure 1i,j (see section 3.5). The blue dotted-
dashed line is the extrapolation of the Tice,5�38 wt % line to higher
concentration. The red dashed lines EC and EB are the extrapolation of
the Tice,m,5�38 wt % line and the solubility line of AE to low temperatures,
respectively. The yellow region shows the intersection points with the
EC line, which give the concentration region of the residual solution
after the abrupt freezing out of ice in 25 wt % (NH4)2SO4 droplets. The
two arrows show how the concentration of the residual solution would
change during the “fast” and “sluggish” freezing out of ice (see text for
details). The purple region shows the two pairs of intersection points
with the extrapolated Tice,5�38 wt % and EC lines. These points denote
the two concentration regions of the residual solution corresponding to
the two alternative approaches discussed in the main text (see text for
details). The blue region shows the two pairs of intersection points with
the extrapolated Tice,5�38 wt % and EC lines. The dotted lines show the
concentration of 25 wt % (NH4)2SO4 and the concentration regions
corresponding to the intersection points defined above.

Figure 9. Thermograms obtained from 25 wt % (NH4)2SO4 droplets
placed on (a) lanolin wax and (b, c) a halocarbon-oil/lanolin mixture.
The panels (a) and (b) present the 5-fold magnification of thermograms.
The lower red thermograms are obtained from “fresh” droplets and the
upper black thermograms from “aged” droplets (see text for details).
The small peaks at ∼223 K are the para-to-ferroelectric (P f F) and
ferro-to-paraelectric (F f P) transitions in crystalline (NH4)2SO4.

13

The freezing/melting transition peaks are truncated in order to fit the
panels. The cooling/warming rate is 3 K/min.
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According to this approach, the intersection points of the purple
region with the EC line would give the concentration region of
the residual solution between∼55 and 59 wt % (NH4)2SO4, as is
shown by the dotted lines. Similarly, the concentration region of
the residual solution that freezes in the ∼210�225 K region
would be between∼61 and 66 wt % (NH4)2SO4. Thus, the latter
approach gives higher concentrations than our approach.
The latter approach seems preferable because our approach

suffers from one drawback: the two freezing events, namely, Tice

and Tres
lanolin, are assumed to be on the Tice,5�38 wt % curve.

However, these freezing events are different. The first freezing
event produces a phase separation into pure ice and the residual
solution, that is, the separation into solid and liquid phases,
whereas during the second freezing event, Tres

lanolin, there is no
phase separation because the residual solution completely freezes
to the solid phase. If, according to our approach, the concentra-
tion of the residual solution is indeed between∼35 and 40 wt %
(NH4)2SO4 (or between ∼33 and 38 wt % (NH4)2SO4; see
above), then, according to Figure 10 (or ref 14), the residual
solution with a concentration less than 38 wt % (NH4)2SO4

should produce two freezing events. However, it does not. This
fact may be considered in favor of the second approach; that is,
the concentration of the residual solution of 25 wt % (NH4)2SO4

droplets might be much higher than 40 wt % (NH4)2SO4. Here,
it should be recalled that the concentration of the residual
solution was assumed to be∼40 wt % (NH4)2SO4, independent
of the overall concentration of the droplets. This was inferred
from the onset of the eutectic melting.13 The above discussion
suggests that the concentration of the residual solution cannot be
determined solely from the eutectic melting point. Further
measurements and calculations are needed in order to get insight
into the concentration of the residual solution formed after the
freezing out of pure ice.
3.8. How Does the Residual Solution Freeze? Figure 10

shows that the second approach prescribes for the above-discussed
two residual solutions the concentrations as high as∼55�59 and
∼61�66 wt % (NH4)2SO4. These concentrations are much
higher than the concentration corresponding to the (NH4)2SO4

solubility line extrapolated to low temperature (the line EB in
Figure 10). It looks unlikely that such high concentrations can be
reached at low temperature. One would expect the crystallization
(precipitation) of pure (NH4)2SO4 crystals from the highly
supersaturated residual solution. It has been reported that the
crystallization of solely solute from the freeze-concentrated re-
sidual solution may occur instead of the freezing of the whole
residual solution.22 The precipitation of (NH4)2SO4 crystals could
have resulted in the appearance of a third exothermic event in
between Tice and Tres. However, the magnification of numerous
cooling thermograms does not reveal any transition peaks in
between Tice and Tres; see, for example, Figures 6a and 9a,b.
After the precipitation of (NH4)2SO4 crystals, one may

assume two routes of the freezing of the residual solution. (i)
The precipitation of (NH4)2SO4 crystals will lead to the reduc-
tion of the concentration or, with the analogy of the freezing out
of pure ice, to the formation of a new “freeze-reduced-concen-
trated” residual solution, which would immediately freeze, to
form again a freeze-concentrated residual solution! The succes-
sion of such freezing events would have resulted in a broad,
uneven second freezing peak in cooling thermograms. However,
we never observed such uneven second freezing peaks. Instead,
they have a smooth, usually bell-shaped form, that indicates a
single freezing process. (ii) The precipitated (nucleated)

(NH4)2SO4 crystal may immediately trigger the nucleation of
adjacent pure ice crystal(s). It has been reported that (NH4)2SO4

microcrystals are good ice nucleating agents.34 The growth of
(NH4)2SO4 and ice would proceed simultaneously until all
residual solution freezes. However, this mechanism cannot
account for those rare situations in which the residual solution
starts to freeze despite that the freezing out of ice is not finished
yet (see Figure 8.) In this case, the formation of the residual
solution is not finished and it is not supersaturated yet. In section
3.4, we suggested that such freezing events could be caused by
some specific nuclei (contaminations) capable of inducing the
heterogeneous freezing of the residual solution at warmer
temperature. In accordance with the above-discussed second
route of the freezing of the residual solution, the specific nuclei
should trigger the nucleation of (NH4)2SO4. Such nuclei or
nucleating sites may exist on a substrate with which the residual
solution is in contact, as is schematically shown in Figure 2.
3.9. Implication for Freezing Emulsions. The findings that

the lanolin-containing substrates slightly reduce Tice (see
Figure 3) and enhance the corresponding Tres

lanolin (Figure 1i,j)
may have implication for the study of the freezing behavior of
micrometer-scaled emulsified aqueous droplets. The oil/surfac-
tant matrix is thought not to impact the freezing behavior of
emulsified pure water droplets; that is, it is believed that
emulsified water droplets freeze homogeneously. This belief
was transferred on the freezing of emulsified solution droplets.22

However, to the best of our knowledge, to support the transfer,
no investigation of the impact of the oil/surfactant matrix on the
freezing behavior of aqueous droplets was performed.
Although the exact mechanisms of the approaching of Tice and

Tres
lanolin to each other in cooled 25 wt % (NH4)2SO4 droplets

placed on the lanolin-containing substrates are not known with
certainty, it is clear that they are happening at the solution/
lanolin interface. Therefore, one may assume that, if the area of
the interface increases, then the impact on the Tice and Tres

lanolin

would be larger. The area of the interface would be largest if
droplets are immersed into an oil/lanolin mixture, that is, in an
emulsion. As the size of emulsion droplets decreases, the surface-
to-volume ratio increases. As a result, the area of the solution/
lanolin interface increases and, consequently, its impact on the
approaching of Tice and Tres

lanolin to each other would also
increase. Earlier, it has been reported that the cooling of
micrometer-scaled emulsified (NH4)2SO4/H2O droplets always
produces only one freezing event, Tf,emul.

12,14 In ref 14, the single
freezing event has been accounted for by the fact that theTf,emul is
mainly within the ∼210�225 K region, as is seen in Figure 10.
The approaching of Tice

lanolin and Tres to each other observed in
the droplets placed on the lanolin-containing substrates can serve
as an additional factor accounting for the single freezing event of
emulsified subeutectic (NH4)2SO4/H2O droplets embedded
into the halocarbon oil/lanolin matrix. Thus, the above discus-
sion suggests that the lanolin surfactant can impact the freezing
behavior of (NH4)2SO4/H2O droplets.
3.10. Effect of Size on Tres.We also investigated the impact of

the size (mass) of 25 wt % (NH4)2SO4 droplets on the distribu-
tion of Tice and Tres. It is known that the homogeneous freezing
temperature decreases with decreasing size of the solution
sample. However, whether heterogeneous Tres is size-dependent
has not been investigated before. The rate of the expulsion of
foreign particles (ions) from the ice lattice during the freezing out
of pure ice may depend on the size of droplets and, consequently,
may impact the formation of the residual solution and,



10692 dx.doi.org/10.1021/jp2007396 |J. Phys. Chem. C 2011, 115, 10682–10693

The Journal of Physical Chemistry C ARTICLE

consequently, the appearance of the second freezing event Tres.
To minimize the interaction between the 25 wt % (NH4)2SO4

solution and a substrate, we prepared a highly hydrophobic film
of semifluorinated block copolymer on the surface of the Al
crucible. According to ref 26, the semifluorinated block copoly-
mer has a contact angle for water larger than 150�. In Figure 11,
the thermograms obtained from the droplets with a mass
between ∼0.7 and ∼17.83 mg are presented. It is seen that,
despite the 20-fold reduction of mass, there is no pronounced
correlation between the appearance of Tice and Tres and the size
of droplets. The distribution of Tice and Tres is similar to that
presented in Figure 1, excluding panels d, i, and j, in which the
shift of Tres to warmer temperature is due to the interaction of
NH4

þ and SO4
2� ions with lanolin (see above discussion). In the

lowest thermogram obtained from the smallest droplet of∼0.7mg,
Tice,m, is noticeably colder than those in the other thermograms.
The colder Tice,m means that the concentration of the droplet is
higher than 25 wt % (NH4)2SO4. The increase in concentration
is due to the evaporation of water during the loading of the small
droplet into the DSC crucible (see the Experimental Section).
The evaporation is due to the fact that the partial water vapor
pressure of the 25 wt % (NH4)2SO4 solution is higher than the
environmental water pressure. Thus, the 20-fold reduction of the
mass of 25 wt % (NH4)2SO4 droplets does not impact the
appearance of the two freezing events.

4. CONCLUSIONS

This paper presents differential scanning calorimetry (DSC)
results of the study of the impact of different substrates on the
appearance of two heterogeneous freezing events of millimeter-
scaled 25 wt % (NH4)2SO4 droplets cooled below the eutectic
temperature of Te ≈ 254.5 K. The two freezing events are the
heterogeneous freezing out of pure ice, Tice, and the subsequent
heterogeneous freezing of a residual freeze-concentrated
(NH4)2SO4/H2O solution, Tres. The effect of size and aging of
droplets on the appearance of the Tice and Tres has also been

investigated. To this end, we performed numerous DSC mea-
surements of millimeter-scaled 25 wt % (NH4)2SO4 droplets
placed on 11 substrates with different surface properties. The
choice of the droplets of constant concentration was motivated
by a desire to investigate a pure effect of substrates, aging, and size
on the heterogeneous freezing behavior of (NH4)2SO4/H2O
droplets, which otherwise would have been affected by varying
concentrations.

The analysis of the obtained DSC thermograms indicates the
following: (i) Independent of the surface properties of the
substrates, the phase separation into pure ice and a residual
freeze-concentrated (NH4)2SO4/H2O solution always occurs
during the cooling of 25 wt % (NH4)2SO4 droplets below Te. In
all thermograms, Tice always precedes Tres; that is, there is always
Tice >Tres. Ourmeasurements indicate that the appearance of the
two freezing events is not due to a specific interaction of
(NH4)2SO4/H2O with a particular substrate but due to the
intrinsic property of (NH4)2SO4/H2O, which manifests itself as
the rejection of NH4

þ and SO4
2� from the ice lattice during the

freezing out of pure ice. (ii) The freezing out of pure ice proceeds
in two stages: the fast stage, during which the majority of ice is
formed, and the sluggish one, during which the additional
amount of ice crystallizes until the residual solution starts
freezing. The duration of the sluggish process can impact the
concentration of the residual solution. (iii) The average values of
Tice calculated for more than 10 measurements on each substrate
seem not to be strongly governed by the surface properties of
the substrates. In addition, Tice’s are less sensitive to the surface
properties of substrates than the corresponding Tres. This can be
interpreted in the sense that the residual solution also freezes
heterogeneously. (iv) The heterogeneous freezing of the residual
solution most likely starts from the nucleation of (NH4)2SO4

crystals. (v) The interaction of NH4
þ and SO4

2�with the lanolin
surfactant is responsible for the approaching of the transition
temperatures of Tice and Tres to each other in comparison with
the transition temperatures of the droplets placed on the sub-
strates not containing lanolin. This result serves as evidence that
the lanolin surfactant can impact the freezing behavior of
emulsified aqueous droplets, at least, emulsified (NH4)2SO4/
H2O droplets. It can also serve as an additional factor accounting
for the single freezing event that is always observed during the
cooling of emulsified (NH4)2SO4/H2O droplets. (vi) The warm-
ing thermograms of fresh and aged, more than 2months, droplets
are identical. This indicates that there is no chemical reaction of
lanolin with NH4

þ and SO4
2� ions; that is, the interaction

between the ions and lanolin is physical adsorption. (vii) The
20-fold change of the mass of droplets does not impact the
appearance of the two freezing events of Tice and Tres.

The DSC results presented in the paper are the first of their
kind and can be useful in the different fields of science and
experimental situations that deal with the freezing of aqueous
systems confined to small dimensions and connected to different
surfaces. The presented results can also be useful for the
environmental implications, for example, for the atmospheric
sciences. Whether the mixed-phased cloud particles (an ice core
þ a residual solution coating) are formed after the freezing of
atmospheric aerosol droplets can have important consequences
for the development of high-altitude ice cirrus clouds5 and PSCs,
atmospheric chemistry,10 and the radiative properties of cirrus.24

Because cirrus ice clouds are globally widespread and PSCs are
believed to be the culprits of the formation of polar stratospheric
ozone holes, the microphysics of cirrus and PSCs may be an

Figure 11. Thermograms obtained from 25 wt % (NH4)2SO4 droplets
of different masses (sizes) placed on a highly hydrophobic film of
semifluorinated block copolymer. The numbers denote the mass of
droplets. The colder melting temperature of ice in the lowest thermo-
gram of the 0.7 mg droplet is due to the increase of concentration
brought about by the evaporation of water during the loading of the
droplet into the Al crucible (see text for details).The cooling/warming
rate is 3 K/min.
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important factor impacting the climate and, therefore, should be
taken into account in climate models.
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