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Variability of micas from different sources

Because mica is a natural substance, with some variability in composition from source to

source, we tested samples from three different suppliers to verify that our results are rep-

resentative. Surface roughness measurements for K+-mica and Mg2+-mica from all three

suppliers show no significant change in surface roughness. (See below for further discussion

of surface roughness.) Table S1 shows the surface areas of 1 µL droplets on freshly cleaved

mica (K+) from Tarheel Mica Co., Axim Mica Co., and Asheville Mica Co. (See main

text and below for a more detailed discussion of surface area.) The surface areas of water

droplets on K+-mica from different resources are the same within the uncertainty of the

measurements. All show that water spreads into a thin pancake, consistent with previous

measurements of a contact angle less than 3◦.1–3 Note that mica is a high energy surface, and

the contact angle of water increases with age as contaminants from the ambient atmosphere

adsorb to the surface.

Table S1: Surface area of 1 µL water droplet on different sources of K+-mica

Source of K+-mica Surface area of droplet (cm2)

Asheville 0.31± 0.01
Axim 0.303± 0.008

Tarheel 0.297±0.002

Figure S1 is a plot of the heterogeneous nucleation rate coefficient, Jhet, for K+-mica from

Asheville, Axim, and Tarheel Mica Cos. (A more detailed discussion of Jhet is below.) The

figure indicates that liquid water nucleates to ice over a wide range of temperatures, but

that the freezing rates on mica from the different suppliers are similar. Our measurements

are also consistent with the finding that mica is not a good freezing catalyst. At 253 K, we

see approximately one freezing event every three minutes.

We have also measured Jhet on mica that has simply been rinsed with pure water, thus re-

placing the K+ ions with H+.4 Figure S2 shows no significant difference in the heterogeneous

nucleation rate coefficients for the two surfaces.
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Figure S1: Heterogeneous nucleation rate coefficient on different supplier’s K+-mica. Note
we have used a time base of minutes, not seconds, for Jhet.

Figure S2: Heterogeneous nucleation rate coefficient on K+ and H+-mica.

S3



Ion Exchange

The mica samples were cleaved along the basal plane and treated with salt solutions to

exchange the surface ions. The treated surfaces were then rinsed with water to remove the

counter ions from the salt solution, leaving a surface with K+ ions exchanged for divalent

or trivalent ions (preserving charge neutrality). We used 0.1 M MgSO4 (Sigma Aldrich),

saturated CaSO4 (Sigma Aldrich), 0.1 M SrCl2 (Acros Chemical) and 0.1 M anhydrous

AlCl3 (Acros Chemical) solutions to get Mg2+, Ca2+, Sr2+ and Al3+-mica, respectively. The

treatment time was 20 to 25 minutes. Previous studies showed soaking the mica sheets in

salt solution only for few minutes can completely exchange the surface cations4–6 whereas

inter layer cation exchange takes a few days soaking time.6 After rinsing, the treated mica

sheets were dried at room temperature, covered in a Petri dish; the dried samples were then

ready for experiments.

As a further check on our procedure, we analyzed some samples using a PHI 5800 X-ray

photoelectron spectrophotometer (XPS). The X-ray source used during analysis was either

a non-monochromatic Mg source (1254 eV) or a non-monochromatic Al source (1487 eV).

A neutralizer was used for charge correction to supply low energy (6 eV) electrons to the

surface. The analysis area has a nominal 800 µm diameter. Data was collected with the

sample at an angle of 45 degrees to the detector. For survey scans a pass energy of 187.85

eV was used with a resolution of 0.8 eV/step and a dwell time of 20 ms/step. For high

resolution spectra a pass energy of 23.50 eV was used with a resolution of 0.1 eV/step and

a dwell time of 100 ms/step.

Figure S3 shows a comparison spectrum of a K+-mica surface (i.e. untreated) with an

Mg2+-mica surface. It is clear from the figure that the intensity of peak at 294 eV (K)

is reduced while at the same time a new peak at 1305 eV (Mg) appears. This indicates

a successful surface ion exchange reaction which is consistent with the result obtained by

Xu and Salmeron.4 They observed complete exchange of ions by immersing natural mica

in a salt solution. Note that though the exchange process is completed, the K peak has
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Figure S3: XPS spectra of K+-mica and Mg2+-mica. The inset shows the zoomed Mg peak
(green). The appearance of a new peak at 1305 eV (green) indicates the presence of Mg
which is absent in case of the K+-mica (yellow), indicating successful ion exchange.

not completely disappeared. This is because XPS is a surface sensitive technique, but the

detection depth can be more than 2 nm, which is approximately two layers of mica.4 The

depleted K peak we are observing is coming from subsurface layers, where the ions are not

exchanged.6

Surface Area of Droplets

To measure the surface area of droplets on the mica, we deposit a 1 µl droplet on the surface,

either freshly cleaved in the case of the K+-mica or ion exchanged and dried for the others.

The droplet on the surface is a hemisphere. We make repeated measurements of the diameter

of the hemisphere, Dh, with a caliper, then compute the surface area of the droplet in contact

with the substrate as π
(
Dh

2

)2
. We measured 2-3 diameters for each of the drop and measured

6-10 droplets on different cation exposed mica surfaces. That quantity is reported in Table

1 in the main text.
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Characterization of (lack of) Surface Roughness

To characterize any changes in surface roughness due to the ion replacement process, some

of the prepared samples were imaged with a Nanosurf Easyscan 2 Atomic Force Microscope

using a silicon SHOCON probe. The AFM scanned 2048 lines over a 10 µm × 10 µm area

of the surface, resulting in an image that records the measured sample height for each 10

µm/2048 ∼5 nm×5 nm pixel.

Our first measure of surface smoothness is a calculation of the RMS roughness for the

samples. (See Woodward et al.7 for a detailed discussion of RMS roughness and features on a

substrate.) The median height is subtracted from each image and the residual recorded height

above or below the median is squared and then summed over all 20482 pixels. The resulting

sum’s square root is recorded as the RMS roughness on a 5 nm scale. The comparison in

surface roughness between a K+-mica surface and an Mg2+-mica surface reveals a very small

change. To determine if this small change is statistically significant, the same procedure was

done for 64 disjoint 1.25 µm × 1.25 µm sub-domains of the 10 µm × 10 µm image (each sub-

domain having its own median measured sample height), so that a statistical uncertainty

could be estimated for the measurement based on the standard deviation among the 64-

member ensemble. Finally, each of the 1.25 µm sub-domains was box-filtered (box-blurred)

with a uniform 3×3 filter to smooth any features on scales between 5 nm and 15 nm; the

sub-domain images were then subtracted from the box-filtered images and summed over the

2562 pixels in the sub-domain. The resulting sum’s square root was recorded as the box-

filtered RMS roughness on a 5 nm scale, essentially giving a high-pass-filtered estimate of the

local roughness in each 1.25 µm domain for scales between 5 nm and 15 nm. These 64 local

roughness measurements were combined to form a separate ensemble with its own statistical

uncertainty and compared between the K+-mica and the Mg2+-mica. The three separate

methods of measuring surface roughness are all commensurate with no meaningful statistical

difference in the surface roughness between the two samples. Note that the procedure just

described is also a measure of local roughness and shows that the surface is locally as well
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as globally smooth.

To reconfirm that point, we analyze the ensemble of linear scans with the AFM. In this

procedure, each line scan is compared to a 5-point moving average filtered version of itself;

the resulting smoothed line-scan is subtracted from the raw data. This procedure acts as a

high-pass filter. The 2048 line differences are then combined to form a frequency histogram.

If small-scale features are present, the histogram of differences will show a significant width

because of local (5 point) variations in the surface topography.

Figure S4 is a plot of the histograms for the K+ data (left) and the Mg2+ data (right).

It is clear that the local height variability as detected by the AFM is minimal on scales

relevant to nucleation. It is also clear that the two surfaces have essentially the same level

of smoothness. The similarity between the two histograms is remarkable.

Figure S4: Histograms of the residuals of local deviations from surface topography for the
K+-mica and the Mg2+-mica. The remarkable similarity in the histograms shows that the
two surfaces are similarly smooth.

As a final check on the similarity of surface smoothness between the two surfaces, we

computed the average magnitude of the slope observed in the two processed images as a

function of spatial scale. To obtain these plots, the value of |(∆z)|
∆x

was computed for different

values of ∆x. (x is the axis parallel to the line-scan direction, and z is the height of the

sample.) Surface roughness localized at a given scale would manifest as a larger value of the

slope. The initial values of ≈ 0.025 shows that the mean difference in height between two

adjacent AFM measurement points is less than a tenth of a nanometer.
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Figure S5: Mean slope as a function of spatial scale in the line-scan direction of the AFM
for the two samples. Surface roughness would manifest a difference in this quantity. Both
samples have essentially the same mean roughness at all scales, though the mean slope
decreases as the spatial scale increases, as expected.

Ice Nucleation Experiments

Figure S6: Schematic of the cold stage used for drop freezing experiments.

A custom built cold stage, shown schematically in Figure S6 is used to observe ice nu-

cleation. It is a simplified version of the stage described in Niehaus et al., 2014.8 A 0.3 mm
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thick copper plate is assembled on the top of a Peltier cooler. A platinum resistance ther-

mometer (Minco) embedded within the copper plate enables temperature control of a test

droplet via an Accuthermo FTC100D TEC temperature controller. The top of the cold stage

is covered with grooved plexiglass fitted with an O-ring seal to isolate the test droplet from

the atmosphere. A thin layer of vacuum grease is spread on the top of the cold stage before

putting mica sheets on it so that there is no air gap between the mica and the cold stage.

All data reported here are from tests using a 1 µL volume droplet, placed on the basal plane

of the mica. The test droplet was cooled at 1.43 K min−1. Droplet freezing was observed

with the help of a microscope camera; the magnified image of the droplet was projected onto

a monitor and the phase transition is detected by eye as a marked change in the droplet’s

transparency. To ensure that drop freezing was correctly identified in this manner, in some

cases where drop freezing was observed, the top of the chamber was removed and the droplet

was prodded with a metal pick. In all cases, the droplet was solid (i.e. it had indeed frozen).

We observed only one droplet freezing at a time because a 1 µL water droplet covers ∼ 0.3

cm2 on K+-mica. We observed repeated freezing events (∼ 10) of a single drop of water,

then repeated the experiment with a different sheet of the mica. Each series in the plot of

Jhet vs. T represents at least 50 trials.

Heterogeneous Freezing Rate Coefficient

From the freezing temperature data and the measured contact area of the droplets with the

mica surface, we calculate the heterogeneous freezing rate coefficient. (Note that comparison

of the frozen fraction of droplets is misleading because droplets spread to cover more or less

of the surface, depending on the exposed ion.) The nucleation rate is given by

ωhet =
Nf

ttot
(1)
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where Nf is the number of freezing events within the observation time, ttot. For experiments

in which the temperature is continuously changing, Eqn 1 can still be used to determine the

nucleation rate within the ith temperature interval using,9

titot =
∆T

c

(
N i

unfrz −N i
f

)
+

N i
f∑

j=1

∆tf,j (2)

where ∆T is the width of the temperature interval, c is the cooling rate, N i
unfrz is the number

of unfrozen droplets at the beginning of the interval, N i
f is the number of droplets that froze

within the interval, and ∆tf,j is the time that it took the jth droplet to freeze in the interval.

The heterogeneous freezing rate coefficient is then

Jhet(T
i) =

ωhet(T
i)

Adrop

. (3)

Adrop is the area of contact between the liquid water droplet and the substrate.

Molecular dynamics (MD) simulations

MD simulations of water film on the mica surfaces were performed at 243.5 K in the NVT

ensemble. Mica crystal structure was imported from American Mineralogist Crystal Struc-

ture Database.10 The chemistry formula for the unit cell is KAl2(Si3Al)O10(OH)2. Si was

substituted with Al with a Si:Al ratio of 3:1. This was achieved through randomly substitut-

ing the Si atoms to Al atoms in the crystal structure. It was ensured that no two Al atoms

were connected through a bridging oxygen atom. The substitution creates a net negative

charge that attracts cations. Initially, cations, regardless of types, were placed in the voids

created by Si/Al and the bridging oxygen atoms. The ions were placed randomly on the

mica surface and were free to diffuse during the simulations.

The MD simulation systems comprised of a mica sheet with a water layer placed on top

of the surface. There was vacuum above the water layer and a repulsive wall placed at the
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edge of the simulation box to prevent the water molecules from diffusing across the box to

the other side of the mica surface. The water layer on mica was about 4 nm thick with

5000 water molecules. The box dimensions were 6.2 × 7.2 × 20 nm3, with the z-direction

normal to the mica surface. The repulsive wall was placed at least 8 nm away from the

surface. The mica surface comprised 96 mica unit cells. CLAYFF force field11 was used to

describe the surface. TIP4P/Ice water model,12 which predicts the correct freezing point for

water, was used to describe the water molecules. Lorentz-Berthelot mixing rules13 were used

for water-surface (including water-ion) cross interactions. The repulsive wall comprised of

atoms with no partial charge and Lennard Jones parameters σ = 0.356 nm and ε = 0.293

kJ/mol.

All the MD simulations were performed in the NVT ensemble at 243.5 K for 220 ns. The

temperature was annealed from 300 K to 243.5 K in the first 10 ns. During the simulation,

atoms in mica surface except the cations were held fixed, i.e the mica surface except the

cations was effectively at 0 K. The cations were free to diffuse. Temperature was controlled

using the V-rescale14 thermostat with a time constant of 2 ps. The water molecules and

mica surface were coupled to different thermostats at reference temperature of 243.5 K.

The LINCS15 algorithm was used to maintain the water geometry and Particle Mesh Ewald

(PME)16 method was applied to calculate the electrostatic interactions. We used a time

step of 2 fs. Configurations were stored every 10 ps and we used the last 120 ns of 220

ns for all the analysis. For each system, three simulations were performed by randomizing

the molecular velocities of the atoms in the system. All simulations were performed using

Gromacs 2018.3.17–19

Calculation of hydrogen bonded clusters of water molecules

We performed calculations to identify clusters of hydrogen bonded water molecules. To this

end, we first identified the hydrogen bonded water molecules. After the hydrogen bonded
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Figure S7: Probability of observing clusters greater than a given size on Ca2+-mica (a) and
K+-mica (b) with hij > 0.7, hij > 0.8, and hij > 0.9 criteria.
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water molecules were identified, clusters formed by those were found using Cytoscope (a net-

work analysis software).20 Geometric criteria were used for identifying the hydrogen bonds

between water molecules. To reduce the effect of thermal fluctuations we adapted the defi-

nition of history independent hydrogen bonds as proposed by Stanley and coworkers.21 We

divided our 100 ns production simulation into 10 observation windows of 2 ns each. We

identified those hydrogen bonds that existed for 80% of the frames in this 2 ns window. In

this definition, the bonds do not need to exist continuously. This criteria can be described

as

hij =
1

Nc

Nc∑
t=1

hij(t) (4)

where

hij =


1 if there is a hydrogen bond between molecules i and j

0 otherwise

and NC is the number of configurations in the observation window. If hij > 0.8, then it is

considered that atoms i and j are hydrogen bonded in the observation window and used for

further cluster analysis. We also evaluated the effect of changing this criteria to hij > 0.7

and hij > 0.9. As expected, with the less strict criterion (i.e. hij > 0.7) more clusters are

identified. However, the trends observed in the distribution of cluster size with charge on the

ions remains consistent, as seen in Fig. S7. Thus, this criteria does not affect the discussion

and conclusion in the manuscript.

To evaluate the effect of the length of the observation window, we performed the analysis

for observation windows of 0.5, 1, 2 and 5 ns. Given the criteria above (i.e. of hij > 0.8) it

could be considered that the condition for being hydrogen bonded gets stricter with increasing

length of observation window. As expected, larger number of clusters are observed with less

strict criterion. Again, the trends across the cations however, remain consistent for all

observation window lengths. See Figs. S8(a) and (b). We thus focus on the results from

the 2 ns observation window. This gives us a balance between identifying relatively longer
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Figure S8: Probability of observing clusters greater than a given size on (a) Ca2+-mica and
(b) K+-mica using different lengths of observation windows. hij > 0.8 criteria was used for
all these calculations.
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lived clusters and sufficient sampling. The results presented in the main text are for 2 ns

observation window and are averaged over ten windows – 110-112, 120-122, 130-132, 140-142,

150-152, 160-162, 170-172, 180-182, 190-192, and 200-202 ns.

Single ion in water simulations

MD simulations of single ion in water were performed in the NPT ensemble at 243.5K and

1 bar. Six ions were studied: Ca+, Ca2+, Ca3+, K+, K2+, K3+. In each case, the system

consisted of one cation and 2000 TIP4P/Ice12 water molecules. We used the same Lennard

Jones parameters11 for the cations as the ones used for the mica-water simulations.

The systems were equilibrated for 20 ns followed by a 100 ns production simulation.

Berendsen thermostat and barostat22 with a time constant of 2 ps were used to control the

temperature and pressure during the equilibration simulation. In the production run, the

V-rescale14 thermostat and Parrinello-Rahman barostat23 were used with a time constant of

2 ps for both. LINCS15 algorithm was used to keep the water molecules rigid. Particle Mesh

Ewald (PME)16 was used to handle the long-range electrostatic interactions. A timestep of

2 fs was used. The configurations were stored every 2 ps. Simulations were performed using

Gromacs 2018.3.17–19 The radial distribution function (RDF) between the cation and water

oxygen atoms are shown in Fig. S9. The first and second minimum in these RDFs were used

to determine the water molecules within the first and second hydration layer of the ions.

Microsecond long simulations on smaller Ca-mica sur-

faces

MD simulations of Ca-mica surfaces substituted with Ca2+ and Ca3+ ions were performed

at 243.5K. The surface generation methodology was the same as described above. Since,

these were longer simulations we reduced the surface dimensions to 3.1 × 3.6 nm2. This
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Figure S9: Radial distribution function of cation and water oxygen calculated from simula-
tions of single ion in water at 243.5 K. Panel (a): Ca ions with 1+, 2+ and 3+ charge. Panel
(b): K ions with 1+, 2+ and 3+ charge.
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corresponding simulation box dimensions were 3.1 × 3.6 × 20 nm3. A layer of 1500 water

molecules was placed on the surface. All other simulation details are the same as described

above. For each system, three simulations were performed by randomizing the molecular

velocities of the atoms.

Clusters on Ki+, i = 1, 2, 3 mica surfaces

The clusters of hydrogen bonded water molecules were calculated for the Ki+, i = 1, 2, 3

mica surfaces. The fraction of free water in the interfacial region as well as in the hydrogen

bonded clusters was determined. The results are shown in Fig. S10.

Figure S10: Panel (a): Probability of observing clusters greater than a given size on the
surface of K-mica with various charges. The data presented here uses the cutoff of 80% and
observation window of 2 ns for determining hydrogen bonded water molecules. Panel (b):
Fraction of free water within 0.8 nm of the mica surface.Panel (c): Fraction of free water in
the largest cluster of hydrogen bonded water molecules. The solid lines indicate the running
average.

Ice-like water cluster identification

Water molecules were classified as ice-like using the tetrahedral order parameter (q).24,25 The

tetrahedral order parameter for a water molecule i is calculated using Eq. 5, where ni is the
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total number of water molecules in the first hydration shell of water molecule i and θjik is

the angle between the oxygen atoms of water molecules j, i, and k (i.e., ∠OjOiOk).

qi =

ni−1∑
j=1

ni∑
k=j+1

(|cosθjik|cosθjik +
1

9
)2 (5)

For a perfect tetrahedral, q = 0. We used a cutoff value of 0.4; if the tetrahedral order

parameter is less than 0.4, the water molecule is tagged as ice-like. The cluster analysis was

performed on the ice-like water molecules to obtain their clusters. Water molecules identified

as ice-like and within 0.35 nm of each other were considered connected. Clusters between

the connected water molecules were identified. No water molecule could belong to more than

one cluster. Water molecules within 0.8 nm were considered for these calculations. We show

the distribution of clusters of ice-like water molecules obtained from the microsecond long

simulations of the Ca2+ and Ca3+-mica (smaller) surfaces.

We also used PointNet based method26 to identify the ice-like molecules. This is a

stricter criteria than tetrahedral order parameter. We find that several water molecules in

the largest clusters of hydrogen bonded water molecules were identified as ice-like. Fig. S12

is a representative snapshot.

Simulations of mica surfaces with shifted ions

To investigate the role of the regions of mica surface devoid of ions in promoting ice nucle-

ation, we created mica surfaces with ions shifted to limited region (approximately 1.5 nm

in width) of the surface. This resulted in a large region on the mica surface devoid of ions.

We performed these calculations on K3+- and Ca3+-mica. Fig. S13 shows the representative

snapshots of the mica surface with shifted ions. Simulations of water layer on these surfaces

were performed at 243.5 K. The same simulation protocol described above was used here.

The positions of the ions however, were restricted using position restraints. The analysis

performed is the same as that described above. The analysis included identification of the
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largest cluster of hydrogen bonded water molecules, largest cluster of ice-like particles, and

identification of free water in the hydrogen bonded clusters. Representative snapshots of the

largest cluster of hydrogen bonded water molecules and largest clusters of ice-like particles

are shown in Figs. S14 and S15.
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Figure S11: Distribution of cluster size of ice-like water molecules for 3.1×3.6 nm2 mica
surfaces. Ice-like water molecules were identified using tetrahedral order parameter.
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Figure S12: Snapshot of a cluster of hydrogen bonded water molecules on Ca3+-mica surface
with ice-like water molecules identified from PointNet highlighted in yellow. Color code:
gray:mica surfaces, sienna: Ca3+ ions, blue: hydrogen bonded water molecules and yellow:
water molecules classified as ice-like by PointNet.

Figure S13: Snapshots of (a) K3+-shift and (b) Ca3+-shift mica. The ions have been shifted
to create a large region of mica surface devoid of any ions. Color code: yellow: Si, pink: Al,
red: oxygen, green: K3+ ion and brown: Ca3+ ion.
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Figure S14: Representative snapshots of hydrogen bonded clusters on K3+-shift mica. Color
code: white: Si, silver: Oxygen, grey: Al, red: water in 1st hydration shell of ions, blue:
water in 2nd hydration shell of ions, cyan: free water, yellow: largest cluster of ice-like water
molecules, and green: K3+ ion.
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Figure S15: Representative snapshots of hydrogen bonded clusters on Ca3+-shift mica. Color
code: white: Si, silver: Oxygen, grey: Al, red: water in 1st hydration shell of ions, blue:
water in 2nd hydration shell of ions, cyan: free water, yellow: largest cluster of ice-like water
molecules, and brown: Ca3+ ion.
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