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Effect of diffusion kinetics 
on the ice nucleation temperature 
distribution
Lorenzo Stratta, Andrea Arsiccio & Roberto Pisano*

The nucleation behavior of water is crucial in many fields, spanning meteorology, glaciology, biology, 
and astrophysics. We report observations suggesting an effect of diffusion kinetics in water on the 
heterogeneous immersion/contact mode nucleation temperature distribution of ice. We performed 
differential scanning calorimetry analyses of repeated freeze/thaw cycles and investigated the 
effect of several variables on the regularity of the nucleation temperature distributions obtained. 
We observed that the thawing temperature and residence time above 0 °C affect the width of the 
measured distributions. We explain the observed phenomena according to the diffusion behavior of 
an external nucleator. Specifically, conditions of enhanced diffusion of the nucleator translated into 
broader, more scattered distributions, while conditions of limited diffusion translated into narrower, 
more regular distributions. Lastly, based on our experimental findings, we propose a theoretical 
explanation centered on the temperature dependence of diffusion kinetics in water.

In the past decades, the determination of the ice nucleation temperature (Tn) has been crucial in many techno-
logical fields. Heterogeneous nucleation data are used, for example, in meteorology1–3 to predict the formation 
of ice in the clouds, in aerospace applications4,5 to avoid icing phenomena, in pharmaceutics6 to control product 
quality and process efficiency, and in biology7,8 to understand how certain animals can withstand hibernation 
without critical damage to cells and tissues or protein degradation9.

The nucleation of water is a complex phenomenon characterized by an energy barrier for the formation of 
a stable nucleus, and a metastable zone, where no appreciable nucleation occurs despite being beyond the ther-
modynamic equilibrium point. Both homogeneous nucleation, i.e., nuclei formation in the bulk solution, and 
heterogeneous nucleation, i.e., the generation of nuclei onto external surfaces or foreign bodies, may occur10,11. 
However, the exceptionally high energy barrier associated with homogeneous nucleation makes it hard to occur 
spontaneously until very low temperatures are reached (− 40 °C or even below12–16). Ice nucleation is generally 
heterogeneous, at least in a typical experimental setup, as the energy barrier is lowered by the presence of foreign 
particles17–19.

In the last few years, new insights into the homogeneous and heterogeneous nucleation of water have been 
provided by applying molecular dynamics simulations that can accurately describe the molecular level phe-
nomena involved20,21. However, even if promising, molecular dynamic simulations are limited by their high 
computational cost to short time scales and cannot deal with too big, complex systems.

Previous studies in the field investigated the nucleation process, analyzing the effect of several variables 
such as cooling rate22,23, sample volume24,25, presence of nucleating agents23,26,27, and different materials of the 
support28,29, primarily focusing on the effect of the latter on the average nucleation temperature. However, both 
the holding time between subsequent cycles and the temperature reached by the melt were neglected, most of 
the time not even reported, due to the assumption that the solution would equilibrate instantaneously once the 
ice was completely melted due to the short lifetime of hydrogen bonds30,31. In 2008, Vali26 reported a possible 
effect of the time spent in the melt on the nucleation temperature distribution, when a few repeated freeze/thaw 
experiments had to be stopped overnight and the distributions of the nucleation temperatures showed some 
anomalies as a consequence. Vali suggested that these changes in nucleation temperature could “arise from altera-
tions of the nuclei, some being permanent and some transitory”, but also specified that “the experiments provide 
only a diagnosis of these alterations and interpretation of what causes them can only be speculative”26.

In this work, we extend the investigation of the effect of external variables on the nucleation behavior of ice. 
For this purpose, we performed repeated freeze/thaw experiments on pure water using differential scanning calo-
rimetry (DSC), and concomitantly measured the nucleation temperature. These experiments produced dispersed 
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distributions that we then plotted as survival curves (i.e., cumulative distributions of samples with a nucleation 
temperature above a given value), which provided information about the average nucleation temperature and 
its inherent variability. The effect of several parameters was investigated during these DSC runs, including the 
cooling/heating rate, the thawing and freezing temperatures, the holding time at various thawing temperatures, 
and the sample mass. In line with Vali’s considerations, our results indicate that both the temperature reached 
by the melt between subsequent cycles and the holding time at that temperature directly affects the nucleation 
temperature distribution of ice. We propose an explanation for these observations based on the temperature and 
time-dependence of diffusive processes in water.

Results
Several DSC experiments were performed, as detailed in the “Materials and methods” section and Table 1. The 
nucleation temperature was extracted from the DSC data, and the obtained distributions were converted to 
survival curves. It is important to emphasize that DSC experiments differ from micro-volume experiments, 
where the survival curve of many droplets/wells of the same water can be measured in one cooling cycle. In our 
case, survival curves were instead collected through multiple heating/cooling cycles performed by the DSC. 
The temperature at which the survival curves reach the value of 0.5 (T50) is defined as the median nucleation 
temperature of the system, while the difference between the temperatures crossing the 0.1 (T10) and 0.9 (T90) 
lines can be defined as the width of the distribution (T10-T90). The median and the average of the distribution 
could be equal if the distribution is symmetric, but this condition is seldom verified. Another parameter giving 
information about the dispersity of a distribution is the variance, defined as the sum of the square deviations 
from the average. Having used the median temperature, instead of the average, to characterize the distribution, 
we defined the variability of the distribution (V50) as the sum of the square deviations from the median (T50).

In each DSC experiment, we performed 40 < nc < 130 cycles between two temperature values (freezing final 
value Tf and thawing final value Tth), at selected cooling/heating rates R (Table 1). The DSC pans were held at 
the thawing final temperature Tth for a given time th to ensure complete thawing.

Table 1.   Conditions used for the DSC experiments.

Run mw, mg R, °C/min Tth, °C Tf, °C th, min τ, min nc, – T50, °C T10–T90, °C V50, °C2

I 16.5 5 20 − 40 1 9 99 − 22.5 0.8 0.29

II 16.6 7.5 30 − 30 1 9 100 − 21.5 1.2 0.38

III 17.0 10 40 − 40 1 9 100 − 24.0 1.7 0.55

IV 16.9 12.5 50 − 40 1 9 100 − 20.2 3.8 1.90

V 16.7 15 60 − 40 1 9 100 − 21.8 5.7 4.87

VI 15.4

15 60

− 40 1

9 41 − 25.0 4.6 3.47

10 40 9 41 − 23.3 2.2 0.72

5 20 9 41 − 22.0 2.0 0.71

VII 17.5

5 20

− 40 1

9 41 − 20.9 2.8 1.30

10 40 9 41 − 23.2 2.2 0.55

15 60 9 41 − 22.6 4.9 4.47

VIII 15.3

15/10 60

− 40 1

9 40 − 23.4 5.2 4.82

10/10 40 9 40 − 25.6 1.8 0.64

5/10 20 9 40 − 25.4 2.0 0.42

IX 15.2

5/10 20

− 40 1

9 40 − 24.6 1.2 0.16

10/10 40 9 40 − 24.5 0.7 0.07

15/10 60 9 40 − 24.5 4.6 2.34

X 12.0 5 20 − 40 60 68 99 − 20.2 6.5 7.85

XI 10.5 10 20 − 40 1 5 99 − 17.8 1.9 1.23

XII 10.2 10 20 − 40 60 64 100 − 17.2 4.8 3.42

XIII 17.1 5 20 − 40 5 13 100 − 22.5 3.9 2.15

XIV 17.1 5 20 − 40 15 23 100 − 25.8 8.1 9.30

XV 16.1 5 20 − 40 30 38 100 − 22.4 0.7 0.11

XVI 17.1 7.5 20 − 40 1 6.3 100 − 23.2 5.3 7.38

XVII 16.3 10 20 − 40 1 5 100 − 23.7 0.8 0.10

XVIII 17.1 12.5 20 − 40 1 4.2 50 − 20.6 1.0 0.18

XIX 16.0 15 20 − 40 1 3.7 100 − 25.8 2.4 0.77

XX 17.0 17.5 20 − 40 1 3.3 100 − 18.2 3.2 1.71

XXI 16.2 20 20 − 40 1 3 100 − 21.2 1.4 0.42

XXII 12.6 10 20 − 40 1 5 100 − 24.3 2.0 1.11

XXIII 16.0 10 20 − 40 1 5 100 − 24.1 2.3 0.77

XXIV 15.1 8.3 20 − 80 1 5.8 94 − 22.5 1.1 0.95
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We first asked ourselves whether different values of Tth undefined could affect the stochasticity of the nucleation 
temperature distributions. As the diffusive processes in water strongly depend on temperature, higher values of 
Tth correspond to conditions of higher thermal agitation of the molecules in the melt. We, therefore, conducted 
a set of experiments (I–IX in Table 1), shown in Fig. 1, at different values of Tth ranging from 20 to 60 °C. All 
the experiments were performed with a constant residence time τ of the sample at temperatures above 0 °C 
(τ = th + 2Tth/R, where Tth is in °C) equal to 9 min. In experiments I-V each sample was cycled between the same 
temperatures Tf and Tth with constant R and th. The water sample and DSC pan were changed between each of 
these first five experiments. On the contrary, in experiments VI-IX, the same water sample was subjected to three 
subsequent sub-sets of conditions, with decreasing (VI, VIII) or increasing (VII, IX) values of Tth (as detailed 
in Table 1). These tests aimed to study the behavior of the same system under different sets of conditions, thus 
excluding the possibility of false-positive correlations caused by random differences (e.g., presence of different 
external nucleators) between different DSC pan/water droplet systems. In experiments VI and VII the cooling 
rate in each sub-set was kept constant along the whole temperature ramp. However, even though this procedure 
guarantees a constant τ of 9 min, different values of R correspond to different residence times in the supercooled 
state, possibly influencing the median nucleation temperature of each sub-set. In order to exclude this effect from 
the analysis, experiments VIII and IX were performed using two different R values for each sub-set. Specifically, 
for sample temperatures above 0 °C R was varied between the sub-sets so as to maintain in all cases a constant 
τ of 9 min, while R = 10 °C/min was used below 0 °C for all the sub-sets of conditions.

As Tth was systematically increased from 20 to 60 °C, both T10-T90 and V50 grew (Fig. 1a,b). This effect is vis-
ible in Fig. 1c, where the survival curves, horizontally shifted by their respective T50, are broader as Tth increases. 
Experiments VI-IX confirm this trend and suggest a direct correlation between the nucleation temperature 
distribution and the thermal agitation of the molecules in the melt between subsequent cycles. Even though it 
is true that some experiments show some decreasing tendency between 20 and 40 °C, this trend is not valid for 
all the experiments. On the other hand, the increasing tendency shown between 40 and 60 °C is consistent in 
all the experiments. We believe that the effect seen between 20 and 40 °C manifests the stochastic nature of ice 
nucleation for distributions that are very narrow overall.

Therefore, we tested whether other conditions of high thermal agitation could influence the nucleation tem-
perature distribution similarly to Tth. For this purpose, experiment X was conducted with a th of 60 min. Our 
working hypothesis was that if the thermally-enhanced diffusion in water influences the nucleation temperature 
distribution, time-enhanced diffusion could have the same effect. Indeed, we observed that the nucleation tem-
perature distribution seems to be strongly correlated to τ as well, as shown in Fig. 2. Specifically, low values of 
τ were associated with a uniform and sharp distribution of nucleation temperatures (black curve), while high 
values of τ corresponded to highly dispersed nucleation temperatures (red curve). Supplementary Fig. S1 shows 
the whole thermogram collected during run X. Such a thermogram shows that the nucleation temperatures are 
widely scattered, while the melting peaks are superimposed for all the heating/cooling cycles. This result con-
firms that the scatter observed in the nucleation temperature distributions is not an artifact of the instrument 
(as, in this case, the melting temperatures would have been scattered as well) but rather an actual property of 
the nucleation behavior of water.

We further investigated this phenomenon by collecting the results of a set of experiments (X-XXIV in Table 1) 
at Tth = 20 °C. As can be seen in Fig. 3, there is an increase in T10–T90 value as a function of τ, with T10–T90 eventu-
ally rising to 8 °C in the case of a high value of τ. Furthermore, a statistically relevant correlation was observed 
between the values of τ, T10-T90, and V50. As a control, experiments XI, XVII, XXII, and XXIII were conducted 
with the same procedure (Tth = 20 °C, R = 10 °C/min, and τ = 5 min), giving in all cases values of T10-T90 lower 
than 2.5 °C. In contrast, we verified that τ has no statistically relevant effect on the median nucleation temperature 
T50 (Supplementary Fig. S2).

In order to thoroughly examine the effect of different process variables on the nucleation temperature dis-
tribution, we carried out further experiments. We first verified whether the size of ice crystals formed during 
freezing might somehow affect the distribution of nucleation temperatures. It is well-known in the literature 
that the ice crystal size is linked to both nucleation temperature and cooling rate32. Therefore, we first evaluated 
any direct correlation between T50 and the Tn distribution (Supplementary Fig. S3), and no statistical correlation 
was observed. This result is essential as it allows the comparison between distributions centered at different T50. 
Furthermore, the possible effect of R was further examined by performing a series of experiments (I and XVI-
XXI in Table 1) with constant Tth = 20 °C and τ shorter than 10 min. These experiments showed no statistical 
correlation between R and neither T50 nor T10-T90 (Supplementary Fig. S4). As anticipated, one would expect 
different R values to influence T50 as they produce different residence times in the supercooled state. However, 
this would be true only if the type of nucleator remained unaltered between the different experiments. Given the 
heterogeneous nature of nucleation observed in this study and that each of the experiments above was conducted 
on a different DSC pan/water sample combination, with a consequently different nucleator, T50 is uncorrelated to 
R in Fig. S4. This result indicates that experiments with a τ lower than approximately 10 min and different R can 
be compared to investigate the effect of Tth on the width of the nucleation distribution, as we did in the experi-
ments shown in Fig. 1. Ultimately, the effect of the sample mass (mw) was explored. The range of allowed values 
for mw is upper-limited by the volume of the aluminum pan used for the DSC experiments and lower-limited by 
the sensibility of the DSC equipment. However, in the range of 10.2–17.5 mg, the sample mass was statistically 
uncorrelated with both T50 and T10-T90 (Supplementary Fig. S5). The value of T50 is purely stochastic, whereas 
the differences in T10-T90 can be attributed to the previously discussed parameters (τ and Tth).
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Figure 1.   Width of the nucleation temperature distribution (a: T10-T90, in °C, b: V50, in °C2) versus the maximum thawing 
temperature Tth. All the experiments shown in this figure (I–IX in Table 1) are characterized by τ = 9 min. The width of the 
Tn distributions increases as Tth increases from 20 to 60 °C. In (a) and (b): circles correspond to experiments I–V, triangles 
to experiment VI, squares to experiment VII, crosses to experiment VIII, and pluses to experiment IX. c: Nucleated fraction 
versus nucleation temperature translated by T50 (experiments I–V in Table 1). As the maximum thawing temperature rises 
from 20 to 60 °C, the survival curves stretch over the horizontal axis, indicating a broader nucleation temperature distribution.
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Discussion
A large number of scientific papers in the literature deals with the nucleation behavior of ice. Considering that 
the nucleation temperatures observed in this work are located well above the homogeneous value (i.e., − 40 °C 
or below), we can indeed declare that nucleation was heterogeneous and was most likely induced by the contact 
of the water droplet with the interior surface of the container. One may think that the water droplet movements 
inside the pan may foster nucleation because of topological defects within the pan surface. However, as reported 
by Campbell et al. in 201528 and confirmed again in 201733, “while there is considerable evidence which suggests 
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Figure 2.   Nucleated fraction versus nucleation temperature translated by T50 (experiments I and X in Table 1). 
When τ = 9 min (black crosses, test I in Table 1), the distribution is narrow while it becomes wider when 
τ = 68 min (red circles, test X in Table 1).

0
1
2
3
4
5
6
7
8
9

10

1 10 100

T 1
0-T

90
, °

C

τ, min

a

0
1
2
3
4
5
6
7
8
9

10

1 10 100

V 5
0, 

°C
2

τ, min

b

Figure 3.   Width of the nucleation temperature distribution (a: T10-T90, in °C, b: V50, in °C2) versus the residence 
time above 0 °C (τ, in logarithmic scale). All these experiments were performed at Tth = 20 °C (numbers X–
XXIV in Table 1). The omnibus test suggests the presence of a significant correlation between τ and both T10-T90 
(F-value 14.4, degrees of freedom 12, p-value 0.02) and V50 (F-value 44.4, degrees of freedom 12, p-value 0.005). 
The number of degrees of freedom represents the number of independent subgroups in the considered dataset. 
The F-value is calculated by dividing the variance of the subgroups’ means by the mean of the within-subgroup 
variances. The p-value, instead, indicates the probability of obtaining results at least as extreme as those 
observed without any correlation between the input variables (in this case, τ and T10-T90 or τ and V50). Large 
F-values and small p-values are indicative of the correlation.
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that topography is a vital factor in nucleation from solution and vapor, there is almost no equivalent support for 
nucleation from the melt”28. In other words, even though the contact with the metallic surface of the DSC pans 
does induce heterogeneous nucleation, small droplet movements inside the pan should not be held responsible 
for the changes in the nucleation temperature distributions herein reported.

Moreover, it is possible to rule out the so-called pre-activation effect. Various materials and particles showed 
the ability to nucleate ice at higher temperatures compared to their inherent activation temperatures when 
subjected to repeated nucleation events or when exposed to cold temperatures beforehand34. Even though the 
reported effect may resemble the pre-activation effect, some other considerations exclude this may be true. 
Indeed, the pre-activation effect was studied for the case of ice nucleation from the vapor and was often cor-
related to either the incomplete sublimation of ice surface layers on the nucleating particles or the presence of 
ice in the nanoscopic pores on the particles’ surface34,35. The experiments showing the pre-activation effect were 
always performed by maintaining the temperature of the system below 0 °C and modifying the relative humidity 
to induce nucleation. It is widely reported that the pre-activation disappears when the particles are heated above 
0 °C34. In our experiments, ice nucleates from the melt, not from the vapor, and the system is heated after every 
cycle to a temperature of at least 20 °C, meaning that no pre-activation could take place in our experiments.

Eventually, the effect described in this work could be associated with the so-called inside-out contact 
nucleation36. In 2005 Durant36 showed that the nucleation temperature of a supercooled water droplet changes 
drastically depending on the position, either in bulk or at the water–air interface, of an intentionally-introduced 
ice nucleator. Therefore, the results herein observed for the distribution of nucleation temperatures might be 
associated with the random movement of an accidentally-introduced nucleator from the bulk to the droplet’s 
surface. Conditions of augmented thermal agitation (higher τ or Tth) would correspond to a higher probability of 
a Brownian movement of the nucleator, jumping between the surface and the bulk of the sample, inducing a high 
variability in nucleation temperature. In conditions of low thermal agitation, the nucleator would have neither 
the time nor the energy to change its initial position, and the nucleation temperature distributions observed are 
correspondingly narrow.

From Einstein’s relationship for the mean square displacement of a particle in a fluid, x2 , we get (for a 3D 
system),

where D is the diffusivity of the particle for which the mean square displacement is being computed, which is 
generally a function of the temperature T, and t is the time. The diffusivity D is, in turn, related to the viscosity 
μ of the solvent (water in our case) by the Stokes–Einstein relation,

where kB is the Boltzmann constant, and r is the size of the particle.
The viscosity of water has been shown to depend on temperature according to the following power-law equa-

tion, which was also validated in the supercooled regime37,

where µ0 = 1.3788·10–4 Pa s, TS = 225.66 K and γ = 1.6438.
Substituting Eqs. (2, 3) into Eq. (1), and collapsing all variables that do not depend on temperature and time 

into a single constant C, we eventually get,

Given that the mean square displacement can be considered as a good indicator of a particle’s ability to move 
in the water sample, it comes that the probability of a significant movement of the nucleator, i.e., a change in posi-
tion producing a noticeable difference in nucleation temperature, is directly proportional to the integral in Eq. (4).

We, therefore, computed such integral for tests I–V in Table 1. These tests were performed with τ equal 
to 9 min and Tth equal to 20, 30, 40, 50, and 60 °C, respectively. To simplify our considerations, we implicitly 
assumed that the size r of the nucleator was similar for all these five experiments. Based on the integral in Eq. (4), 
the time spent by the system at higher temperatures should be weighted more, and experiments involving long 
τ and low Tth should be equivalent to experiments with short τ and high Tth. Hence, we computed equivalent 
(i.e., leading to the same overall x2 ) residence times above 0 °C, τequivalent, that a freeze–thaw experiment with 
Tth = 20 °C should have to be comparable with runs at τ = 9 min and different Tth of 30, 40, 50, and 60 °C, respec-
tively. The results of this analysis are illustrated in Fig. 4. We obtained that a run with Tth = 60 °C, R = 15 °C/
min and τ = 9 min can be considered equivalent to a run with Tth = 20 °C, R = 5 °C/min and τ = 15.3 min (see 
Fig. 4b). In line with these calculations, a run with Tth = 20 °C, R = 5 °C/min, and τ = 15.3 min should lead to a 
broad distribution of nucleation temperatures, similar to the distribution obtained at Tth = 60 °C and τ = 9 (test 
V in Table 1, see Fig. 1). Based on our integrations of the self-diffusion coefficient of water, tests II, III, and IV 
in Table 1, which were performed at Tth = 30, 40, and 50 °C, respectively, would correspond to runs carried out 
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at Tth = 20 °C, R = 5 °C/min and τ = 10.4, 11.9 and 13.5 min, respectively (Fig. 4c). This result explains why tests 
with high τ in Fig. 3 showed wide nucleation temperature distributions.

Given that it is almost impossible to obtain nucleators-free water samples, it is probable that nucleation was 
induced by an external particle, rather than solely by the contact between water and the DSC pan. If this is the 
case, the stochastic Brownian motion of the nucleator could explain the behavior we discussed in this work.

In addition, following the classical nucleation theory, one would expect the median nucleation tempera-
ture to be correlated with the cooling rate employed in the supercooled region, because the probability of a 
nucleation event increases with the time spent below the equilibrium melting value. This effect is not appreciable 
when experiments with different water samples/DSC pans are compared, as the median nucleation temperature 
depends on the nature of the heterogeneous nucleator present in the sample/pan combination. However, it should 
be visible in experiments where the same water sample experienced different R values in the supercooling phase 
(such as experiments VI and VII). As shown in Fig. 5a, the survival curves (and median nucleation temperature 
values) do translate to lower temperatures as Tth and, hence, R increases. In Fig. 5b, however, while there is a 
clear decrease in median nucleation temperatures between the sub-runs at Tth = 20 °C and Tth = 40 °C, the same 
does not apply to the sub-run at Tth = 60 °C. Nonetheless, the distribution at Tth = 60 °C in Fig. 5b has a long 
tail pointing toward cold nucleation temperatures (Tmin = − 28 °C), in line with the classical nucleation theory. 
Accordingly, in experiments VIII and IX, Fig. 5c,d, respectively, in which the cooling ramp in the supercooled 
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using Eq. (3). (b) Running value of the integral in Eq. (4) over time for tests I-V in Table 1: (solid line) run with 
Tth = 60 °C and τ = 9 min, (dashed line) run with Tth = 20 °C and τ = 9 min and (dotted line) hypothetic run with 
Tth = 20 °C and τ = 15.3 min. The remaining solid lines refer to runs with Tth = 30–40–50 °C and τ = 9 min. (c) 
Equivalent residence time above 0 °C, τequivalent, that a freeze–thaw experiment with Tth = 20 °C should have to be 
comparable with runs at different Tth and τ = 9 min.
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region did not change, the survival curves of the sub-runs at Tth = 20 °C and Tth = 40 °C were virtually identical. 
Given the low values of Tth and τ employed in these sub-runs, the probability that the nucleator would move and 
affect the nucleation temperature is extremely low, and the initial position of the nucleator, therefore, dictates the 
value of T50. Moreover, in both experiments VIII and IX, the sub-runs at Tth = 60 °C showed a wider distribution 
of nucleation temperatures, confirming the hypothesis that a more pronounced thermal agitation might induce 
larger/more frequent movements of the nucleator. It is equally likely that a contact nucleus would move from 
the bulk to the surface, or vice versa. A nucleus migrating from the surface to the bulk would result in a shift 
towards lower temperatures of T90. Vice versa, a nucleus migrating to the surface would lead to an increment 
of T10. Considering that we do not know in which position the nucleus is at the beginning of the experiments, 
both situations are possible and equally likely, hence explaining the spread in both directions of the distribu-
tions. In this case, the median nucleation temperature is not any more strictly related to the initial position of 
the nucleator inside the water sample.

Conclusions
In this work, we have observed a marked effect of thawing temperature and time spent above 0 °C on the het-
erogeneous nucleation of water. The width of the distribution seems to be directly related to the rate and extent 
of diffusive processes in water. Conditions of high diffusion translate into broad, scattered distributions, while 
conditions of low diffusion translate into narrow distributions. This effect could be attributed to two interplaying 
effects, the inside-out contact nucleation and the Brownian motion of the nucleator within the studied sample. 
In conditions of high thermal agitation, the Brownian motion induces the nucleator to repeatedly change its 
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Figure 5.   Nucleated fraction vs. nucleation temperature for (a) experiment VI, (b) experiment VII, (c) 
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position inside the water sample, and the different positions of the nucleator result in nucleation occurring in 
a wide temperature range.

Materials and methods
The differential scanning calorimetry (DSC) analyses were carried out using a differential scanning calorimeter 
(DSC type Q200, TA Instruments, New Castle, DE, USA), equipped with a refrigerated cooling system and a 
nitrogen line for cell purge (at 50 mL/min), and calibrated with indium. The temperature sampling was per-
formed every 0.2 s with an accuracy of ± 0.1 °C and a precision of 0.05 °C, as declared by the manufacturer. The 
nucleation temperature was determined by locating the abrupt spike of the DSC heat signal due to the sudden 
release of heat induced by the nucleation event. In all the analyses, a small amount (mw, see Table 1) of water for 
injection (Fresenius Kabi, Verona, Italy) was loaded into hermetic aluminum pans and hermetically sealed inside 
them. Samples were then analyzed against an empty pan as a reference. Further details on the tests performed, 
including the maximum and minimum temperature values of the cycles (Tth and Tf, respectively), the cooling/
heating rate employed (R), the holding time (th) at the thawing temperature Tth for each cycle, the residence time 
above 0 °C (τ) and the total number of cycles performed (nc) are listed in Table 1.

Data availability
All data generated or analyzed during this study are included in this published article. The raw datasets are avail-
able in the supplementary information files as an Excel datasheet.

Received: 17 May 2022; Accepted: 19 September 2022

References
	 1.	 Hoose, C. & Möhler, O. Heterogeneous ice nucleation on atmospheric aerosols: A review of results from laboratory experiments. 

Atmos. Chem. Phys. 12, 9817–9854 (2012).
	 2.	 Connolly, P. J. et al. Studies of heterogeneous freezing by three different desert dust samples. Atmos. Chem. Phys. 9, 2805–2824 

(2009).
	 3.	 Christner, B. C., Morris, C. E., Foreman, C. M., Cai, R. & Sands, D. C. Ubiquity of biological ice nucleators in snowfall. Science 

319, 1214–1214 (2008).
	 4.	 Gent, R. W., Dart, N. P. & Cansdale, J. T. Aircraft icing. Philos. Trans. R. Soc. Lond. Ser. A Math. Phys. Eng. Sci. 358, 2873–2911 

(2000).
	 5.	 Jung, S., Tiwari, M. K., Doan, N. V. & Poulikakos, D. Mechanism of supercooled droplet freezing on surfaces. Nat. Commun. 3, 

615 (2012).
	 6.	 Searles, J. A., Carpenter, J. F. & Randolph, T. W. The ice nucleation temperature determines the primary drying rate of lyophiliza-

tion for samples frozen on a temperature-controlled shelf. J. Pharm. Sci. 90, 860–871 (2001).
	 7.	 Duman, J. G. Antifreeze and ice nucleator proteins in terrestrial arthropods. Annu. Rev. Physiol. 63, 327–357 (2001).
	 8.	 Storey, K. B. & Storey, J. M. Freeze tolerance in animals. Physiol. Rev. 68, 27–84 (1988).
	 9.	 Arsiccio, A., McCarty, J., Pisano, R. & Shea, J. E. Heightened cold-denaturation of proteins at the ice–water interface. J. Am. Chem. 

Soc. 142, 5722–5730 (2020).
	10.	 Liu, X. Y., Maiwa, K. & Tsukamoto, K. Heterogeneous two-dimensional nucleation and growth kinetics. J. Chem. Phys. 106, 

1870–1879 (1997).
	11.	 Zhang, Z. & Liu, X. Y. Control of ice nucleation: Freezing and antifreeze strategies. Chem. Soc. Rev. 47, 7116–7139 (2018).
	12.	 Koop, T., Ng, H. P., Molina, L. T. & Molina, M. J. A new optical technique to study aerosol phase transitions: The nucleation of ice 

from H2SO4 aerosols. J. Phys. Chem. A 102, 8924–8931 (1998).
	13.	 Knight, C. A. Adding to the antifreeze agenda. Nature 406, 249–251 (2000).
	14.	 Davies, P. L. & Sykes, B. D. Antifreeze proteins. Curr. Opin. Struct. Biol. 7, 828–834 (1997).
	15.	 Moore, E. B. & Molinero, V. Structural transformation in supercooled water controls the crystallization rate of ice. Nature 479, 

506–508 (2011).
	16.	 Liu, X. Y. & Du, N. Zero-sized effect of nano-particles and inverse homogeneous nucleation: Principles of freezing and antifreeze. 

J. Biol. Chem. 279, 6124–6131 (2004).
	17.	 Bai, G., Gao, D., Liu, Z., Zhou, X. & Wang, J. Probing the critical nucleus size for ice formation with graphene oxide nanosheets. 

Nature 576, 437–441 (2019).
	18.	 Liu, X. Y. Heterogeneous nucleation or homogeneous nucleation?. J. Chem. Phys. 112, 9949–9955 (2000).
	19.	 Roeters, S. J. et al. Ice-nucleating proteins are activated by low temperatures to control the structure of interfacial water. Nat. Com-

mun. 12, 1183 (2021).
	20.	 Matsumoto, M., Saito, S. & Ohmine, I. Molecular dynamics simulation of the ice nucleation and growth process leading to water 

freezing. Nature 416, 409–413 (2002).
	21.	 Sosso, G. C. et al. Crystal nucleation in liquids: Open questions and future challenges in molecular dynamics simulations. Chem. 

Rev. 116, 7078–7116 (2016).
	22.	 Heneghan, A. F. & Haymet, A. D. J. Liquid-to-crystal nucleation: A new generation lag-time apparatus. J. Chem. Phys. 117, 

5319–5327 (2002).
	23.	 Broadley, S. L. et al. Immersion mode heterogeneous ice nucleation by an illite rich powder representative of atmospheric mineral 

dust. Atmos. Chem. Phys. 12, 287–307 (2012).
	24.	 Kuhn, T., Earle, M. E., Khalizov, A. F. & Sloan, J. J. Size dependence of volume and surface nucleation rates for homogeneous 

freezing of supercooled water droplets. Atmos. Chem. Phys. 11, 2853–2861 (2011).
	25.	 Bigg, E. K. The supercooling of water. Proc. Phys. Soc. Sect. B 66, 688–694 (1953).
	26.	 Vali, G. Repeatability and randomness in heterogeneous freezing nucleation. Atmos. Chem. Phys. 8, 5017–5031 (2008).
	27.	 Marcolli, C., Nagare, B., Welti, A. & Lohmann, U. Ice nucleation efficiency of AgI: Review and new insights. Atmos. Chem. Phys. 

16, 8915–8937 (2016).
	28.	 Campbell, J. M., Meldrum, F. C. & Christenson, H. K. Is ice nucleation from supercooled water insensitive to surface roughness?. 

J. Phys. Chem. C 119, 1164–1169 (2015).
	29.	 Jung, S. et al. Are superhydrophobic surfaces best for icephobicity?. Langmuir 27, 3059–3066 (2011).
	30.	 Cowan, M. L. et al. Ultrafast memory loss and energy redistribution in the hydrogen bond network of liquid H2O. Nature 434, 

199–202 (2005).
	31.	 Luzar, A. & Chandler, D. Hydrogen-bond kinetics in liquid water. Nature 379, 55–57 (1996).



10

Vol:.(1234567890)

Scientific Reports |        (2022) 12:16334  | https://doi.org/10.1038/s41598-022-20797-1

www.nature.com/scientificreports/

	32.	 Arsiccio, A. & Pisano, R. The ice-water interface and protein stability: A review. J. Pharm. Sci. 109, 2116–2130 (2020).
	33.	 Campbell, J. M., Meldrum, F. C. & Christenson, H. K. Observing the formation of ice and organic crystals in active sites. Proc. 

Natl. Acad. Sci. 114, 810–815 (2017).
	34.	 Marcolli, C. Pre-activation of aerosol particles by ice preserved in pores. Atmos. Chem. Phys. 17, 1595–1622 (2017).
	35.	 David, R. O. et al. Pore condensation and freezing is responsible for ice formation below water saturation for porous particles. 

Proc. Natl. Acad. Sci. 116, 8184–8189 (2019).
	36.	 Durant, A. J. Evaporation freezing by contact nucleation inside-out. Geophys. Res. Lett. 32, L20814 (2005).
	37.	 Dehaoui, A., Issenmann, B. & Caupin, F. Viscosity of deeply supercooled water and its coupling to molecular diffusion. Proc. Natl. 

Acad. Sci. 112, 12020–12025 (2015).

Acknowledgements
The Italian Ministry of Education, University & Research (MIUR) is acknowledged for the Ph.D. fellowship of 
Lorenzo Stratta and Andrea Arsiccio.

Author contributions
L.S. and R.P. wrote the main manuscript text; L.S. executed the experimental tests; All authors conceptually 
designed the experimental setup and scheduling; All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​022-​20797-1.

Correspondence and requests for materials should be addressed to R.P.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-20797-1
https://doi.org/10.1038/s41598-022-20797-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Effect of diffusion kinetics on the ice nucleation temperature distribution
	Results
	Discussion
	Conclusions
	Materials and methods
	References
	Acknowledgements


