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weather prediction.

inclusions is important for fields such as cryopreservation and for improved models of climate and
Feldspar and ammonium are both present in significant quantities in the at-

mosphere, and experimental evidence has shown that feldspar can nucleate ice from ammonium-

containing solutions at temperatures warmer than water alone. In recent work, Whale hypothesised

that this increase in nucleation temperature is due to an increase in configurational entropy when an
ammonium ion is included into the ice hydrogen bond network [Whale, JCP, 2022, 156, 144503].
In this work, we investigate the impact of the inclusion of an ammonium ion on the hydrogen bond

network by direct enumeration of the number of structures found using Rick's algorithm. We also

determine the energy of these systems and thus compare the effects of enthalpy and entropy to test

Whale's hypothesis. We find that the inclusion of an ammonium ion increases the total number

of configurations under conditions consistent with a realistic surface charge. We also find that the
enthalpic contribution is dominant in determining the location of the ammonium ion within the
structure, although we note that this neglects other practicalities of ice nucleation.

1 Introduction

Freezing of liquid water into ice is a widespread occurrence which
plays an important role in many processes, including cryopreser-
vation2 and the water cycle®. In the atmosphere, heteroge-
neous nucleation of clouds by ice nucleating particles (INPs) al-
lows for ice formation under conditions where nucleation would
otherwise not be possible. These INPs can lead to large increases
of ice nuclei concentrations at relatively high temperatures.” The
presence of these ice particles can lead to changes in the proper-
ties of cloud such as precipitation likelihood,”' albedo, and life-
time. Therefore a greater understanding of the behaviour of ice
nucleation by INPs could help form better models for climate and
weather prediction.® The effect of impurities within the aque-
ous phase as a result of aqueous aerosols is also important.’Z Of
particular interest as an INP is feldspar,® which recent experi-
mental work has shown displays unexpected increases in nucle-
ation temperatures when in the presence of the ammonium ion
(NH,")?* ' a common component of atmospheric aerosol and
solute in cloud droplets2.

As can be seen in Figure [1} at intermediate concentrations of
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Information (ESI) available:

NH,4CI, there is an increase in the heterogeneous nucleation tem-
perature of water when in the presence of feldspar. This is not
evident when the ammonium ion is replaced by a sodium ion,
or when feldspar is replaced with pollen washing water (PWW),
indicating that this increase is the result of some interaction be-
tween ammonium and feldspar. Various other ice nucleants, such
as silver iodide, kaolinite and montmorillonite, are also known to
nucleate ice at warmer temperatures in dilute ammonium solu-
tions than in pure water.213 In Reference [0, Whale argues that
the increase in nucleation temperature upon inclusion of an am-
monium ion is the result of an increase in the configurational
entropy of the ice phase.

Water molecules within ice form a random hydrogen bond net-
work subject to the Bernal-Fowler ice rules!®. The permutations
of these bonds give rise to a configurational entropy. Enumera-
tion of these permutations was first attempted by Pauling.1> The
Pauling entropy is now known to be a slight underestimate, and
further studies have expanded and improved upon this predic-
tion,10%21lwith a theoretical investigation of the effect of ordering
on heterogeneous ice nucleation being performed by Fletcher.22
Simulations have also been used to investigate the configura-
tional entropy of ice. Most of these rely on either enhanced
sampling techniques or thermodynamic integration, giving good
agreement with both experimental and theoretical values of the
entropy. 2327

To the best of our knowledge, the current computational liter-
ature surrounding ice/ammonium/feldspar interaction is limited,
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Fig. 1 The change in the highest temperature where a droplet was
observed to become completely frozen, ATy, as a function of the molarity
of NH,Cl and NaCl solvents. Feldspar corresponds to a solution also
containing 0.05 weight % BCS376 feldspar, PWW corresponds to pollen
washing water from Betula pendula, with PWW and feldspar solutions
having different Ty in the presence of only water (i.e. 0 M). The dashed
grey line is a reference for ATy = 0. This figure is adapted from Reference
ol

and generally focused on the dynamics of the surface interactions.
Kumar et al. found evidence for the adsorption of ammonium
onto feldspar surfaces, although with different strengths depend-
ing on the geometry of the exposed plane. It was found that for
certain planes the ammonium had a preferential orientation with
respect to the surface, but this did not translate into templating
the ice structure.28

In this work, we have investigated the changes in enthalpy and
configurational entropy upon the insertion of an ammonium ion
into ice, by a direct enumeration of the number of states. While
this approach has limitations in terms of scaling and the accuracy
of the entropy, it allows a more direct comparison of ice struc-
tures and enthalpies than other techniques, and readily extends
to partially-periodic structures such as the ice slabs studied here.

2 Methodology

Ice consists of stacked, puckered rings of water molecules. In this
work, these stack along the z direction and the Bernal-Fowler ice
rules# are always obeyed. Henceforth, the puckered ring struc-
tures will be referred to as ice bilayers, and consist of two ice
layers within which the oxygen atoms reside at the same z value.
Each of the 2N molecules in the bilayer must have one inter-
bilayer and three intra-bilayer connections to other molecules.
These connections are hydrogen bonds between the oxygens of
two water molecules, consisting of a hydrogen bond donor (the
water molecule with a hydrogen along the direction of the bond),
and a hydrogen bond acceptor (the other water molecule). There
must therefore be 3N hydrogens associated with the intra-bilayer
connections. The insertion of an ammonium ion does not distort
the ice lattice as it is isostructural with water,22%31 and does not
change the number of intra-bilayer hydrogens needed for a valid
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Fig. 2 Sample hydrogen bond configuration, showing the full size of the
ice cell used in this work, with the applied periodic boundary conditions in
the x and y directions not shown. This configuration has six connections
to the base (out of a possible eight, represented by coloured lines towards
the grey circles indicating the base location). The (top) ghost layer is
used to allow changes of the hydrogen bond network through the top of
the structure, and is here represented by the paler water molecules.

A sample configuration of the ice cell considered in these sim-
ulations is presented in Figure|2| and was created using the visual
molecular dynamics (VMD) software.22 This cell consists of 32
molecules arranged into two bilayers of 16 molecules, along with
a “ghost layer” of fictitious atoms (paler water molecules) and a
“base” of grey circles — the role of these will be explored in greater
detail below. This unit cell is sufficiently small to tractably enu-
merate all permutation of the hydrogen bonding network.

2.1 Entropy

The configurational entropy of ice was calculated by generating
structures=? which obeyed the Bernal-Fowler ice rules’# and then
determining the number of unique configurations found. The
number of truly unique structures, W, is related to the entropy
of the system, S, through Boltzmann’s equation of entropy

S=kplnW (@D)]

where kg is Boltzmann’s constant.1234 For this to be valid, we
assume that the system is restricted to a macrostate (described
by the ammonium position and a number of fixed connections
to a fictitious base, see below) with all configurations within a
macrostate having the same energy. As the number of valid con-
figurations increases exponentially with the size of the simula-
tion cell, investigations were limited to fairly small cells of 32
molecules (4 layers). To minimise surface effects from these small
cells, periodic boundary conditions (PBCs) for the hydrogen bond
network were applied in the x and y directions. All positions of
the ammonium ion within a layer are equivalent by symmetry,
hence we only study entropy and enthalpy as a function of layer
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PBCs were omitted in the z direction for two reasons. Firstly,
the inclusion of an ion into a block of ice will necessarily lead to
an unbalanced number of connections, which must be balanced
by either inclusion of ions of the opposite valence, or the cre-
ation of defects within the hydrogen bond lattice. As we wish to
investigate the inclusion of single ions and do not allow defect
creation, the use of full PBCs is impossible. Additionally, we in-
vestigate the effect of the charge of the nucleating surface on the
entropy. When computing the entropy, this was approximated by
enforcing a designated number of “connections” to a fictional nu-
cleating surface, henceforth referred to as the “base”, 3 A below
the oxygens with the lowest z value. A connection is here defined
as an oxygen in the layer closest to the base (referred to as the
contact layer) donating a hydrogen bond to the base. It should
be noted that a structure with e.g. two connections to the base
will always donate two and only two hydrogen bonds to the base,
although the origin of these donated bonds is not fixed. Figure
shows a structure with six of eight possible connections to base
(represented by grey circles) as coloured lines. Also present is
an upper ghost layer, which consists of fictitious atoms to allow
for the propagation of a hydrogen bond reordering across the top
of the ice layer during the application of Rick’s algorithm®3 — no
restrictions are made on connections to this ghost layer.

As stated, a fixed number of connections to the base is meant to
approximately model the effect of a charged feldspar surface on
the available permutations of the ice network. As the number of
connections increases from half the total number of connections,
there is a greater propensity for the base to attract the positively
charged hydrogens of the water molecule — equivalent to an in-
crease in the negative charge on the base, which would also make
it more likely for the positively charged ammonium ion to reside
nearer the base. This treatment implicitly assumes that only one
macrostate (defined by ammonium location and number of con-
nections to the base) is accessible, and all configurations within
this macrostate are approximately energetically equivalent and
therefore contribute equally to the entropy (i.e. all microstates
are equally accessible at the temperature of interest). We note
that this may not be entirely accurate, but is a good first approx-
imation. This assumption will be investigated in more detail in

Section[3.2]

2.2 Structure generation

Initial configurations of ice XI were generated using the GenIce
package 2>, and were then modified so that all inter-bilayer bonds
consisted of hydrogen bond donation in the —z direction, consis-
tent with a strongly negatively charged base. For scenarios where
the number of connections did not equal the number of molecules
in the contact layer, the molecules to disconnect from the base
were chosen at random. Where relevant, the positions of ions and
their valency were specified. After this procedure, any molecules
which did not accept and donate the appropriate number of hy-
drogen bonds were identified and corrected similarly to step one
of Reference [35. In this procedure, a list of molecules without
the appropriate number of bonds was created. The molecule cor-
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bond inverted (i.e. if a water molecule donated three hydrogen
bonds, one of these was chosen at random to become an accepted
hydrogen bond), ensuring that this did not violate the number of
connections to the base or the hydrogen bonds donated by an
ammonium. If either of the molecules connected by the flipped
bond did not have the correct number of accepted and donated
hydrogen bonds after this procedure, they were reintroduced to
the back of the list, and the procedure was iterated until the struc-
ture was valid. As this procedure introduces a degree of random-
ness into the starting configurations, the initial configurations so
generated had a degree of uniqueness. This uniqueness was only
lacking when this procedure was unnecessary, for pure ice with
all molecules in the contact layer connected to the base. Although
there is the same degree of ordering in the z direction (albeit in
the opposite direction) when there are no molecules connected to
the base, 22! the stochastic nature of rectifying an incorrect num-
ber of accepted/donated hydrogen bonds still ensured a random
distribution of bonds within each bilayer.

These configurations were then read in to generate a directed
graph, with each vertex corresponding to the position of the cen-
tral atom of a molecule, with four directed edges per vertex. The
number of incoming edges (here analogous to accepted hydrogen
bonds) and outgoing edges (here analogous to donated hydrogen
bonds) was determined by the valency of the molecule. Water
has two incoming and two outgoing vertices, obeying the Bernal-
Fowler ice rules,14 whereas ammonium has four outgoing edges.
For the contact and top layers of the structures, which contain
undercoordinated molecules/vertices, “ghost layers” of vertices
not representing real molecules were introduced (grey circles and
pale atoms in Figure [2).

From these initial graphs, further structures were generated in
accordance with Rick’s algorithm®3. In Rick’s algorithm, a start-
ing vertex and edge are selected. This forms the start of a path
moving between vertices along edges of the same sense - i.e. if
the starting edge, e, is incoming to the starting vertex, Ny, then
edge ¢; is incoming to N; and vice versa. At each new vertex, a
random selection of the next edge is made and the path is contin-
ued. If no appropriate edge is found, e.g. if the path leads to a
vertex with no incoming edges, representing an ammonium ion,
then the path is terminated and a new starting vertex and edge
are generated. The ghost layer is present to facilitate the creation
of loops across the top of the slab - if the edge connects to a ghost
layer, then the next vertex on the path is a vertex connected to the
ghost later with the opposite sense of edge (incoming/outgoing).
This is analogous to a section of path which ends in an edge of
the right sense coming from the ghost layer. When the path forms
a complete loop back to a vertex it has previously visited, then
all of the edges along that loop are flipped, such that incoming
edges become outgoing edges and vice versa. Any edges in the
path before the start of the loop are ignored. This ensures that
the new structures are generated, but the number of incoming
and outgoing edges of each vertex is never changed. A schematic
of this procedure is presented in supplementary information Fig-
ure S17.53 Representation of the hydrogen bond used a string to
store the sense of edges between vertices. It was deemed that
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each unique string corresponded to a different hydrogen bond
configuration, although this did not and could not account for
any symmetries present in the atomic system.

Due to computational constraints, enumeration was deemed to
be converged once 250 iterations occurred without finding a new
structure (see supplementary information Figure S2F for results
of different stopping criteria). Three independent configurations
were produced and run for all relevant investigations, allowing
for the identification of a “run” (i.e. the output of our imple-
mentation of Rick’s algorithm®3) which had a significantly lower
number of structures than expected. It is worth noting that at
the number of structures considered here, small differences in
the observed number of structures make a negligible difference
to the observed entropy. Although Rick’s algorithm is sufficient
to generate all possible configurations of hydrogen bonds on the
ice lattice,17 it cannot account for the creation of Bjerum defects,
which may happen in a realistic system. This could possibly be in-
vestigated in future work by the inclusion of OH™ and/or H;0*
ions into the initial lattice.

We enumerated the number of structures from a starting con-
figuration of both ice XI and ice I, (as output by GenIce=?, us-
ing the Python package NetworkX=® to compute a mapping) and
found that the number of generated configurations were very sim-
ilar. Small differences between found number of structures is ex-
pected due to termination of the algorithm.

Using our implementation of Rick’s algorithm,%3 a cell con-
taining 32 water molecules (consisting of 4 layers) with 8 fixed
connections to the base was found to have 2,401 unique con-
figurations. Using Equation (1} this gives the entropy of a com-
pletely connected ice structure of this size as 1.07 x 10722 JK~ .
In comparison, the Lipscomb entropy of a mole of polar ice is
RIn2037, which would give the entropy of the same system as
5.51 x 1072 JK—1.18| At close to a factor of two, this is a signifi-
cant difference. Although the Lipscomb value may not be entirely
correct, a large deviation demonstrates that the uniqueness con-
dition imposed on found structures in this work is likely to be
insufficient, which is not unexpected. However, we expect the
overestimate to be less severe in structures containing an ammo-
nium ion due to the decrease in the possible number of symmetry
operations.

As we are interested in the differences in configurational en-
tropy between ammonium-containing and pure ice, inaccuracies
in the method of counting structures should not significantly in-
fluence the observed entropy difference, if the uniqueness crite-
rion is applied consistently.

2.3 Energy calculation

A random sample of structures were then input to GROMACS
(2023.1)27 for energy evaluation with the CHARMM36 (July
2022)38 and TIP4P/Ice? force-fields with a Coulomb cutoff of
12 A and long-range smooth particle-mesh Ewald electrostatics
with a grid spacing of 1 A and an interpolation order of 4,40 A
van der Waals cutoff was applied with a smooth switching of the
force to 0 between 10 A and 12 A. PBCs were applied in all 3
directions, with the expansion of the z vector from a length of
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molecule unit cell was also explicitly replicated 4 times in the y
direction and 3 times in the longer x direction to satisfy the min-
imum image criterion used by GROMACS. All computed energies
have been divided by 12 to present the energy of the original cell.
This procedure was validated by comparison to a density func-
tional theory calculation, and the results are presented in supple-
mentary information Figure S37. Energies are presented in units
of kgT, of the entire 32 molecule simulation box for temperature
T in Kelvin and for Boltzmann’s constant kg. This allows for a
more direct comparison to both the thermal energy available to
the system, and the entropy. Here, the temperature is taken as
262 K, which, according to Reference [9, corresponds to the max-
imum temperature for ice nucleation on feldspar in the presence
of ammonium.

GROMACS input files used GenIce ice XI physical water oxygen
positions,2? with the angle mismatch between the TIP4P/Ice?
H-O-H angle and the O—0-0 hydrogen bond angle being offset
between both oxygens (no such offset was necessary for ammo-
nium). Configurations were then minimised with a maximum
force tolerance of 100 kJ mol~' nm~! with an energy step size
of 0.01 kJ mol~! for a maximum of 50,000 steps using the steep-
est descent algorithm. The length of all hydrogen bonds were
constrained during minimisation through the application of the
LINCS algorithm!, Initial configurations which proved to be
mechanically unstable upon energy minimisation were excluded
from the analysis. This occurred for a sufficiently small num-
ber of samples that excluding the same fraction from the total
population of generated structures does not significantly alter the
entropy estimate. A lower force tolerance led to mechanical in-
stability in a significant number of cases. A comparison of differ-
ent force tolerances is shown in supplementary information Fig-
ure S47. A random “set” of 1,000 approximately evenly-spread
configurations was used for most energy calculations due to the
large number of possible structures (for the effect of number of
structures per set on the spread of energies, see supplementary
information Figure S57).

To model the energetic effect of the implicit surface charge of
the base, a charged wall was simulated by the addition of charged
atoms 3 A under contact layer oxygen/nitrogen positions. These
atoms had a Lennard-Jones o = € = 0 and were restrained to their
original positions.

When considering the effect of having an ammonium ion
within the ice structure on the energy, we completely neglect any
entropic contribution. In addition, we investigate the assumption
that a reasonable surface charge can have the effect of constrain-
ing the stable state of a system to a single fixed number of con-
nections to the base.

3 Results

3.1 Entropy

Figure 3] shows the number of structures generated, as a function
of NH," position and number of connections to the base. The
x-axis is not fully symmetric, starting at two fixed connections
rather than zero fixed connections — as, regardless of where the
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Fig. 3 The number of structures found as a function of NH4+ position
and number of connections to the base. Each line corresponds to the
mean of three independent runs (i.e. the output of three different starting
configurations), with the standard deviation of the runs being less than
the line width. The lack of complete symmetry for the pure water case
is due to the truncation of the x-axis at 2 fixed connections. The total
number of structures for the pure water case is an underestimate for 3-5
fixed bonds, due to computational limitations.

ammonium is placed, there are no defect-free configurations con-
taining an ammonium with fewer than two fixed connections to
the base. This is explained in more detail later on.

We expect the substitution of NH,* for H,O to introduce
changes to the hydrogen bond network, and this will therefore
affect the total number of permutations. A water molecule ac-
cepts two hydrogen bonds, and donates two hydrogen bonds.1#
In contrast, ammonium donates four hydrogen bonds and does
not accept any.

At the maximum of eight fixed connections, the inclusion of
an ammonium at any position in the cell increases the number
of possible configurations. For pure ice, forcing all molecules in
the contact layer to be connected to the base means that, in or-
der to satisfy the correct number of connections, all remaining
hydrogen bonds must be donated within the bilayer. If there are
two extra hydrogen bonds to donate (arising from the inclusion
of NH,*), then these can be accepted by the bilayer above. It
can be seen in Figure [3| that the location of the ammonium can
lead to significant differences in the number of extra configura-
tions available. This is especially true for inclusion in different
bilayers (i.e. layers 1 and 2 compared to layers 3 and 4), but
also applies for the different intra-bilayer positions (due to the
PBCs, the only applicable difference between bilayer positions is
the direction of the inter-bilayer bond). The large difference in
number of structures between bilayers is due to the propagation
of the effects of NH,*, as discussed by Whale®. When the NH,*
is placed in the contact layer, by, there are an additional two hy-
drogen bonds which can be donated to other bilayers (all intra-
bilayer hydrogen bonds must be satisfied). As every molecule in
the contact layer is constrained to donate a hydrogen bond to
the base, this means that two hydrogen bonds can be donated to
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the bilayer above, b;. Again, there are now two additional hy-

drogen bonds in this bilayer which are accepted by the bilayer
above, by, thus propagating to the top of the structure. This is
equally true when ammonium is placed in any bilayer, b;. Al-
though the bilayers below have been constrained such that all of
the —z inter-bilayer bonds involve hydrogen bond donation, the
addition of new bonds means that two hydrogen bonds can be
donated to the b;,; bilayer, and the existence of these donated
hydrogen bonds will also propagate up. As there is no hydrogen
bond acceptance in the —z direction, there can be no downwards
propagation, leading to a number of configurations heavily strat-
ified by the bilayer in which the NH,* resides (see Figure.

The entropy contribution of ammonium, as discussed by Whale,
does not account for intra-bilayer differences. This is due a sim-
plification made in the consideration of the donation of two ex-
tra hydrogen bonds — Whale assumes that these bonds can be
anywhere within the bilayer.? In reality, although the donation
of the extra bonds will affect the rest of the bilayer, the extra
bonds themselves must be present at the location of the ammo-
nium. Placing an ammonium in the contact layer replaces a wa-
ter molecule which donates one inter-bilayer bond (towards the
base) and one intra-bilayer bond, with an ammonium donating
one inter-bilayer bond and three intra-bilayer bonds. These extra
intra-bilayer bonds will then lead to the donation of two inter-
bilayer bonds, pointing up towards the next bilayer. Importantly,
these bonds can be donated by any appropriate atom in the bi-
layer — although not all choices are equally likely, as will be dis-
cussed further below. In comparison, if the ammonium instead
replaces a water molecule in layer 2, then two donated intra-
bilayer bonds are replaced by three donated intra-bilayer bonds
and one donated inter-bilayer bond. Again, the additional intra-
bilayer bond leads to an extra donated bond to the bilayer above
from any appropriate atom. The net effect of including the am-
monium within the bilayer is the same, two additional donated
bonds to the bilayer above. However, when placed in the con-
tact layer, both of these donated inter-bilayer bonds can originate
from any appropriate atom within the bilayer. When placed in
layer 2, only one of these donated bonds can originate from any-
where, the other is fixed to the location of the NH,*, leading to
a decrease in the number of possible configurations compared to
the contact layer.

As a result of neglecting the location of the extra donated
bonds, the entropy increase suggested by Whale is an overesti-
mate. This is expected, as the equation given is presented simply
as a brief validation of the hypothesis.? Although our estimate of
the entropy increase is also likely to not be entirely accurate (due
to the small unit cell and the lack of consideration of symmetries
in the ice lattice), we can provide a more detailed analysis of the
actual entropy increase.

As can be seen in Figure [3] for eight connections to the base
the inclusion of an ammonium ion increases the entropy of the
structure relative to pure ice. As the number of connections de-
creases, the location of the ammonium becomes more important
in determining if its inclusion leads to an entropic gain. At seven
fixed connections, there is no entropic benefit to including the
ammonium in the very top layer, although it is still favourable
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Fig. 4 Difference in probability of observing a hydrogen at a given location when compared to pure ice, APy, upon insertion of an ammonium ion
(green circle) into a structure fixed to the fictitious base (central grey circle). (a) Ammonium in contact layer, completely connected to the base, (b)
ammonium in contact layer, two connections to the base, (c) ammonium in top layer, completely connected to the base, (d) ammonium in top layer,
two connections to the base. A dark blue line corresponds to the hydrogen bond becoming more strongly accepting upon the inclusion of ammonium,
while dark red corresponds to the hydrogen bond becoming more strongly donating upon the inclusion of ammonium. There must be one (and only
one) hydrogen for each bond, so all lines have an overall APy of 0. Each concentric circle of vertices corresponds to a layer within the ice structure,
extending to the fictitious ghost layer. Other than the pure water configuration with two connections to the base (as a result of computational
limitations), these plots show the probability arising from all found structures, as the result of multiple independent simulations.

at any other location; and at six connections the entropic gain
is only present for an ammonium in the contact layer. At low
numbers of connections to the base (which is analogous, but not
exactly equivalent, to having more connections to the ghost layer)
the opposite trend holds - the further the ammonium is from the
contact layer, the larger the number of structures, although it is
still lower than the number of pure ice structures. At five connec-
tions to the base, the number of ammonium-containing structures
is approximately equal regardless of position. This is due to the
crossover between it being entropically favourable to be near the
base and to be near the ghost layer.

Considering all possible ammonium-containing structures (i.e.
all possible ammonium locations and number of connections to
the base), the addition of ammonium reduces the possible num-
ber of configurations found in this work. Although the number of

6 | Journal Name, [year], [vol.], 1

structures found, especially for pure ice, is likely to be an overes-
timate as a result of not considering symmetry-related structures,
the differences are significant. However, the number of connec-
tions attempts to link the computed entropy to the surface charge,
which will also influence the location of the ammonium. For a
positive charge (low number of connections), the most structures
are found when the ammonium is in the top layer, which also min-
imises the Coulombic repulsion between NH,* and the positive
base. For the case of a negative charge (high number of connec-
tions), the most favourable location is in the contact layer, consis-
tent with a Coulombic attraction between the positively charged
ion and the negatively charged base. As feldspar is negatively
charged,11) we assume that we are limited to only considering
structures with a high fraction of connections to the base (an as-
sumption which will be somewhat investigated in Section [3.1)).
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When considering only this regime, the inclusion of ammonium
increases the entropy of ice.

We show the difference in hydrogen positions upon the inclu-
sion of an ammonium in Figure 4] These “spiderweb plots” de-
scribe the hydrogen bonds between water molecules, wherein the
ice cell (see Figure 2) has been projected onto a two dimensional
representation. The darker orange circles represent the oxygen
atoms of each water molecule and the green circle represents the
nitrogen of the ammonium atom. Each concentric ring of circles
represents one of the four ice layers. The fictitious base and the
ghost layer are represented by the single central grey circle and
the outermost ring of pale orange circles, respectively. The aver-
age probability, Py, for a hydrogen to be located at a given posi-
tion was calculated for both all configurations found for this spe-
cific ice cell, and separately for all configurations of the equivalent
pure ice structure. The hydrogen bonds are represented by lines,
the colour of which corresponds to the difference in Py (APy) be-
tween the pure ice structure and the ammonium-containing ice.
The color map indicates a greater (red) or lesser (blue) propen-
sity for a hydrogen bond to be located at a specific position within
a given ice cell compared to the average, pure ice structure. The
darker the colour, the more the ammonium has changed the hy-
drogen bond network at a given position. Note that for positions
where the probability of finding a hydrogen is never allowed in
either the pure ice or ammonium structures (e.g. from the base
when all connections are fixed) the APy is 0, and on these plots
are indistinguishable from bonds which are unchanged by the in-
clusion of an ammonium.

Figure [4] gives these spiderweb plots for two locations of the
ammonium (contact layer and top layer) for both of the extremes
of connections to the base, eight and two. It should be noted
by comparison of panels (a) and (d) that, using the colours of
the edges as a guide to the eye, there is less propagation of new
structures downwards from an ammonium in the top layer with
two connections to the base, than there is upwards propagation
for an ammonium in the contact layer with eight connections to
the base. This is reflected in the slightly decreased number of
structures when there are two connections to the base and the
ammonium is in the top layer, when compared to ammonium in
the contact layer and eight fixed connections. This is an artefact
of forcing the number of connections to the base. As the number
of connections to the base cannot be changed by the inclusion of
an ammonium, the additional donated inter-bilayer bonds must
propagate upwards (which is why configurations with one fixed
connection are not allowed even when the ammonium is in the
top layer). Additionally, when ammonium is in the top layer, there
are no configurations of the basal bilayer which are available to
ammonium-containing structures but not to the pure ice struc-
ture. The small deviations visible in panel (d) are due to configu-
rations which are more common as a result of the changes in the
layer above (i.e. they correspond to allowed states matching more
likely realisations of the hydrogen bond network in the bilayers
above). It can be seen that the scenario depicted in panel (b) is
characterised by a more pronounced difference in terms of the
total hydrogen bond network, despite the lower number of struc-
tures.
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Figure [4(a) also shows that not every Iocation Of' % donated

inter-bilayer bond is equally likely. Instead, they are more likely
to originate from water molecules next to the ammonium ion.
This is because the adjacent water molecule must accept a hy-
drogen bond from the ammonium ion, but must also donate two
hydrogen bonds. Far away from the ammonium, where only the
addition of two donated hydrogen bonds matter, a water molecule
has to donate two hydrogen bonds between three intra-bilayer
bonds and one inter-bilayer bond. Considering a simplistic treat-
ment where only the Bernal-Fowler ice rules'# matter, the prob-
ability of this water molecule donating to an inter-bilayer bond
is %. If instead we consider a water adjacent to the ammonium,
again subject to this simplistic treatment, then the probability of
donating to an inter-bilayer bond is %, as it must accept a hydro-
gen bond from the ammonium. Therefore, there is an increased
probability for donated inter-bilayer bonds to originate from wa-
ter molecules connected to the ammonium. This difference in
probability propagates outwards, although the magnitude dissi-
pates with increasing distance from the ammonium. Considering
the inter-bilayer bonds from the water atoms in layer two located
exactly along the horizontal middle of panel (a), it can be seen
that the probability is lower than for the waters immediately ad-
jacent to the ammonium, but higher than for the water furthest
away from the ammonium location (in this representation, im-
mediately opposite). That most disruption to the hydrogen bond
network occurs near the ammonium is visible for all panels. Al-
though this effect will become less pronounced further from the
ammonium site, the size of the unit cells considered here is not
sufficient to calculate the rate of this decay. This makes it dif-
ficult to give an analytic estimate of the true entropy difference
of including an ammonium as no part of the structure retains a
bulk-like character.

3.2 Energy

In the previous section we implicitly considered the effect of
charge by enforcing a fixed number of connections between the
ice contact layer and the base. We now investigate if this is a rea-
sonable approximation by explicitly considering the energy of a
set of sample configurations, first in the absence of any electric
field due to surface charge, and then by modelling the surface as
a collection of charged points.

Our analysis shows that in order for the ammonium ion to in-
crease the entropy of the ice slabs considered here, the number
of connections to the base must be high. The energies of sets
of ammonium-containing ice with seven (panel (a)) and eight
(panel (b)) connections to the base is presented in Figure
These energies do not include any contribution of charge, other
than that implicit to the rationale of using connections. It can be
seen that the sets in panel (a) have a lower energy than the sets
presented in panel (b). This is due to the lower total dipole when
there are only seven fixed connections to the base, compared to
eight. This indicates that a lower number of connections to the
base leads to more stable structures in the absence of an elec-
tric field/surface charge. The lack of symmetry about the NH,*
location indicates that this is not an artefact of electrostatics. Al-
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though the small extent of the system in the z direction may not
provide a complete picture of the behaviour of a more realistic
cell, interesting trends can be observed and some extrapolations
can be made.

As the ammonium is placed further up the structures, the over-
all dipole moment of the structure decreases. This agrees well
with the energy trend for the first three layers — as the average
dipole moment of the set decreases, so does the median energy
of the set. However, when ammonium is placed in the top layer
(where the dipole is minimal), the energy of the set increases
again. One possible reason for this is a large energy penalty to
having an undercoordinated NH,". When the ammonium ion is
in the contact layer, both rotations of water connections and rota-
tions of the ammonium are observed. Rotation of an ammonium
— and the associated removal of its connection to the base - led
to a significant reduction in the energy of the system, although
the rotation of the a water connection did not lead to an energy
decrease of the same magnitude. This may provide evidence for
a significant energy penalty for an undercoordinated ammonium
in the system as evaluated by GROMACS.

In Figure |5} any energetic penalty which may occur as a result
of considering only a large fraction of connections is unbalanced
—i.e. there is no explicit charge contribution which may balance
the increased dipole due to the large fraction of bonds pointing
in the —z direction. Both the increase in energy of a set with
the number of fixed connections and the rotation of the hydrogen
bond network indicate that a negative surface charge is needed
to stabilise configurations with all connections fixed to the base
(conversely, a positive surface charge would be needed to stabilise
configurations with no connections to the base).

3.2.1 Charged surface.

In the experimental work, ammonium alone was not sufficient
to cause an increase in the nucleation temperature, which was
inferred to occur due to an interaction between ammonium and

8 | Journal Name, [year], [vol.], 1

feldspar. 191 Whale’s hypothesis is that the negatively charged
feldspar stabilises an increased number of connections to the base
— the regime which we have found (see Section to increase
the entropy of ice in the presence of ammonium.? It is therefore
important to investigate the effects of a surface charge on the
enthalpy.

The effects of varying negative surface charge are presented
in Figure [6] For no charge, it can be seen that the energy of a
set is lowest approximately in the middle of the range of fixed
connections. This is due to this set having a low average dipole
moment. As the number of fixed connections moves away from
the middle, the median energy of the set increases due to the
increased dipole. From comparison with supplementary informa-
tion Figure S67, it can be seen that the full energy variation of the
set includes configurations with an energy more than three stan-
dard deviations away from the median. This may, but does not
necessarily, indicate that we have applied insufficiently stringent
criteria to determine mechanically unstable structures. Regard-
less of origin, these structures comprise a small fraction of the
total analysed structures, and we therefore do not expect them to
significantly influence the validity of our conclusions.

As the negative charge on the base increases, the median ener-
gies of all sets decreases (although this is influenced by the bal-
ancing effect of a negative basal charge on the positively charged
ammonium)4?. Fewer structures with eight fixed connections to
the base are mechanically unstable, indicating the expected at-
traction between slightly positively charged hydrogens and the
negatively charged base, thus stabilising structures with a large
fraction of connections. As expected, structures with a low frac-
tion of connections are destabilised. At the largest charge pre-
sented here, eight fixed connections to the base is not only sta-
bilised, but becomes the most energetically favourable set (for
the same ammonium position). Even at a charge of 1.20 e across
the base, the lowest energy position for the ammonium ion with
seven or eight connections to the base is determined to be the
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penultimate layer (other than a handful of configurations in layer
two with energies more than three standard deviations from the
mean. For a comparison of sets with seven and eight connections
for this surface charge, see supplementary material Figure S67).
We would like to note that a surface charge of 2 ¢ was also inves-
tigated, but led to a spread of an order of magnitude in energy for
sets determined to be mechanically stable, and this has therefore
not been analysed.

A surface charge of 1.20 ¢ across the footprint of the ice (corre-
sponding to 0.15 e on each of the eight fictitious grey basal atoms
presented in Figure [2)) is a realistic and relatively modest surface
charge. In both ammonium-containing ice and pure ice (see sup-
plementary information Figure S77) increasing the surface charge
stabilises a larger number of connections to the base. This lends
weight to Whale’s hypothesis.? However, due to electrostatic ef-
fects, a comparison between the energies of the ammonium-ice
and pure ice systems cannot be made.42

It should also be noted that the positively charged ammonium

ion is likely to be attracted to the negatively charged feldspar
and hence be present at or near the surface when an ice nucleus
forms. No explicit thermodynamic comparison to pure ice can
be made without calculating the free energy change of moving
an ammonium ion from solution into the ice nucleus, however
experiments do demonstrate that ammonium is implicated in the
ice formation, be this due to thermodynamics or kinetic trapping.

3.3 Interplay between entropic and enthalpic effects

We have shown that for a large fraction of connections to the
base (here, seven or eight) the entropy of ammonium-containing
ice is greater than that of pure ice, with an ammonium in the
contact layer leading to the largest increase in configurational en-
tropy. We have also shown that a large number of connections
can be stabilised by a reasonable surface charge applied across
the base, with the most energetically favourable position for the
ammonium in the penultimate layer.
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The most stable position for the ammonium will be a combina-
tion of the competing effects of enthalpy and entropy. Although
energy and enthalpy are not equivalent, there is a systematic shift
relating to the pressure and volume of the system. As all struc-
tures considered here were generated from the same original ice
structures, we expect this shift to be negligibly different between
the systems considered here. As we are only interested in differ-
ences in enthalpy, we here consider enthalpy and energy to be
equivalent.

For eight fixed connections to the base at a surface charge of
1.20 ¢, the difference in median enthalpy between the sets for am-
monijum in layers 1 and 3 is approximately 30 k7. In contrast,
the difference in entropy is approximately 2.3 kg T, indicating that
enthalpy is dominant. This is also true for seven fixed connec-
tions, where the difference in enthalpy is again approximately an
order of magnitude above the difference in entropy. It is worth
noting that here we only consider the entropy and enthalpy of a
single number of connections to the base, and retain the assump-
tion of all configurations with the same number of connections to
the base being equal.

4 Discussion and Conclusions

Although the results presented in Section [3.3|show that the most
favourable position of the ammonium is in the penultimate layer,
this may not necessarily be the case in reality. Not only have we
presented evidence that there may be a significant energy penalty
for an undercoordinated ammonium, but we note that in a real-
istic system the positive ammonium may be attracted to the neg-
atively charged feldspar and the ice may grow around this. The
kinetics of the system, which we cannot take into account here,
will likely play a significant role in determining where the ammo-
nium is located within the ice phase. We also note that none of
the studies of ammonium/feldspar interactions cited here provide
evidence that the ammonium is not rejected into solution when
ice forms.

We also acknowledge the presence of several simplifications in
our enthalpy calculations which may affect our results. Firstly,
we cannot compare the energy of a set of pure ice configurations
to that of a set of ammonium-containing ice configurations. A
potential avenue for comparison, which is also more representa-
tive of the experimental setup, would be the inclusion of some
solution (containing an extra ammonium for pure ice) in the sim-
ulation box in addition to the ice. Secondly, we assume that the
only interaction between the base and the ice is due to Coulom-
bic effects. Molecular dynamics simulations performed by Cox et
al. show that the interaction between water molecules and a sur-
face can influence the nucleation rates in complex ways.42 This
is compounded by the potential for complex interactions between
ammonium and feldspar, such as cation substitution 21128 and
attachment143, We also represent the charged base as compris-
ing of distinct points of charge under the connections of the con-
tact layer atoms, whereas a more reasonable model might consist
of a more uniform charge density, or as distinct points of different
charges representing different ions present at the feldspar surface.
In addition, we take the energy of a structure to be the minimised
energy, instead of computing a finite temperature average. This

10 | Journal Name, [year], [vol.], 1
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the free energy landscape, such that the finite temperature contri-
butions to the energy are the so similar for each configuration that
they can be neglected when considering enthalpy differences.

There are several limitations in our determination of the en-
tropy of the systems studied here. Due to computational con-
straints, we are limited to investigating a small unit cell with PBCs
— although the cell cannot reasonably be made larger, investigat-
ing the effects of these PBCs may be of interest. We also lack
any filtering of symmetry-related structures in our enumeration,
which may be important in computing entropy differences if in-
clusion of NH,* at different layers breaks differing numbers of
symmetries. In addition, we cannot use Rick’s algorithm to in-
vestigate the effect of creating defects in the system,2 although
future work could focus on the impact of including hydroxide or
hydronium ions (although this leads to difficulties with charge
within a relatively small unit cell). We also note that Whale’s hy-
pothesis implies that a negatively charged ion with few connec-
tions should stabilise nucleation on a positively charged surface,?
which could also be explored in more detail.

Although the focus of this work has been on
feldspar/ammonium interactions, it is not only within clouds
where heterogeneous nucleation of water in the presence of
solutes is important. Within e.g. the growing field of cryop-
reservation it is vitally important to control freezing under
physiological solute conditions, and achieving this goal is often
aided by nucleants.'2 We cannot draw a direct comparison to
these fields, but we highlight the influence of configurational

entropy on nucleation temperatures.

In agreement with Whale’s hypothesis, we have found that
when ice is mostly connected to a base, the inclusion of an ammo-
nium increases the configurational entropy.2 We compute a “best
guess” of a reasonable entropy change in the presence of ammo-
nium on feldspar as the increase in the entropy for the inclusion
of an ammonium ion in the contact layer, allowing seven and
eight connections to the base. The number of structures for only
seven and eight connections are included (despite lower numbers
of connections to the base also being possible) as an attempt to
account for the true range of accessible structures — the degree
of energy variation within a set at a fixed number of connec-
tions is not negligible on the scale of variation between sets at
different numbers of connections. We note that exploring this en-
ergetic equivalence may be a promising avenue for future work.
This procedure gives a value of about 0.72 JK~! mol~!. This
is very close to the value Whale found was needed to account
for the experimentally observed increase in freezing temperature,
0.62 JK~! mol~!.2 We have also found that the necessary high
numbers of connections to the base can be stabilised by a reason-
able negative surface charge, again in agreement with Whale’s hy-
pothesis.? Finally, we find that the enthalpic contribution is more
dominant to the overall change in free energy than the entropic
contribution. All three of these elements — entropy, enthalpy and
charge — are important considerations when discussing the het-
erogeneous nucleation of ice from an ammonium-containing so-
lution on feldspar.
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