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Any questions?
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• The nucleation of crystals
- Why do we care?
• Experiments and Simulations
- The irony of the timescale problem
- Building a bridge: the role of the nucleation rate
• The computational options

Wang, Y.-W., and Meldrum, F.C. (2012).
J. Mater. Chem. 22, 22055–22062.

- Free energy-based methods
- Path sampling methods
• Embracing the failure
- Respect the algorithms, blame the force fields

Salvalaglio, M., Mazzotti, M., and
Parrinello, M. (2015).
Faraday Discuss. 179, 291–307.

- The case of ice nucleation
- Heterogeneous ice nucleation: the going gets tough
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• Conclusions
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- Where are we going with this?
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- Keep calm & collaborate
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1. INTRODUCTION
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The nucleation of crystals
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Why do we care?

• The formation of ice
- Atmospheric science

• Hydrocarbon clathrates
- Oil industry

- Cryobiology

• Molecular crystals from solutions

• Living things

- Pharmaceuticals

- Biomineralization

- Drug design

- Alzheimer disease
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Molecular simulations could help!
nanometers & nanoseconds sounds about right…

Classical molecular dynamics (MD) simulations
Rely on classical/empirical/analytical force fields/interatomic potentials

ri,j
ri,j
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Molecular simulation of crystal nucleation
Microscopic understanding:
- Mechanics
- Thermodynamics
- Kinetics

-

The timescale problem: nucleation is a rare event [it means you need statistics]
Classical force fields are often not good enough (think heterogeneous crystal nucleation)

Sosso, G.C. et al. (2016). Crystal Nucleation in Liquids: Open Questions and Future Challenges in
Molecular Dynamics Simulations. Chem. Rev. 116, 7078–7116.

Brute force molecular dynamics
•
•
•
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Sometimes, brute force molecular dynamics simulations are an option:
Hard spheres and Lennard-Jones liquids
“Simple” liquids (metallic liquids, typically strong supercooling and massive computational effort)
Coarse grained simulations (famously, mW water)

• Time
The system must be allowed to evolve in time until spontaneous fluctuations lead to a nucleation event.

• Size
The system size must be significantly larger than the critical nucleus.

• Statistics
Significant statistics of nucleation events must be collected.

Complex systems
(heterogenous nucleation,
nucleation from solution…)

Fitzner, M., Sosso, G.C., Cox, S.J., and Michaelides, A. (2015).
J. Am. Chem. Soc. 137, 13658–13669.

Enhanced sampling
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Complex systems/scenarios require…

Enhanced sampling techniques
1. Free energy methods
2. Path sampling methods
3. (Seeded molecular dynamics)

What are we looking for?
•
•
•

Speed up simulations (so that we can observe nucleation eventS)
Avoid tempering with the natural evolution of the system (dynamics & mechanism)
Get the microscopic mechanism and the kinetics of nucleation (nucleation rate)

Order parameters
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Order parameters
You assume you can describe nucleation using one
(or a few. Or a lot.) order parameter(s)

i.e. coarse graining the free energy surface

e.g. Ice nucleation:
The order parameter is the number of water
molecules within the largest ice nucleus (a
plethora of options exist!)

•
•
•
•

In reality…
More than one structural degree of freedom
Density (nucleation from solution)
The substrate (heterogeneous nucleation)
Two-step nucleation

Free energy methods
The usual suspects:
• Umbrella sampling
• Metadynamics
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The idea:
Add an external bias potential,
driving the system on top of the free energy barrier

Free energy
(unknown!)

Laio, A., and Parrinello, M. (2002).
Proc Natl Acad Sci U S A 99, 12562–12566.

Order
parameter

•
•
•
•

What do you get:
The free energy barrier
The critical nucleus size
The mechanism? Maybe…
The dynamics (kinetics prefactor)? Maybe…

Free energy methods ++
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What you don’t get:
The kinetics, i.e. the nucleation rate
•
•

There are ways to get rates starting from the free energy surface:
Bennett-Chandler (transition state theory-based methods) [incredibly costly]
Rates from metadynamics [works for either simple or fast systems]
Nucleation of a liquid droplet from vapour (Lennard-Jones)
Salvalaglio, M., et al (2016). The Journal of Chemical Physics 145, 211925.

Works if no bias is added on top of the free energy barrier

tions and Future Challenges
Path sampling methods
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The usual suspects:
• (Transition path sampling)
• Transition interface sampling
• Forward flux sampling
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Pedevilla, Andrea Zen,
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We start by looking at the natural fluctuations of the system
1
Long unbiased molecular
dynamics run

0.06
A
0.05
(water)

0.8
0.6

0.03

CDF

P( )

0.04

0.4

0.02

A
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=
Simulation time · Volume

Initial flux

0.2

0.01 λA

0 At each interface 𝜆 we shoot a (large)0number of trial molecular dynamics runs
i
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40
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80
100 120 140
Those that reach the next interface (𝜆 ) are used as starting point to reach the

•
•

i+1

following interface, and so on…
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What do you get?
The nucleation mechanism

G.C., Li, T., Donadio, D., Tribello, G.A., and Michaelides, A. (2016).
Figure Sosso,
3. Asphericity
parameter, α, and spatial extent of the ice nuclei
J. Phys. Chem. Lett. 7, 2350–2355.
along the direction normal to the clay slab, Δz, as a function of λ for
ΔzBulk).rate
Nuclei in the bulk disappear
ice nuclei in the bulk (αBulk
Theand
nucleation
beyond the value of λ marked by the vertical green line. Averages
N of the kaolinite (001) hydroxylated
within the ice nuclei sitting on Y
top
surface (αSurf and ΔzSurf) are also reported. The insets correspond to
J containing
= A about P
) (from left to
i | and
i 1
typical ice nuclei
105,( 200,
325
right)Maybe…
water molecules.
The free energy barrier?
What you don’t get:
i=1

The critical nucleus size? Maybe…

The dynamics (kinetics prefactor)

Seeded MD
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• A crystalline seed of a given size is inserted beforehand into the system
• Run different molecular dynamics simulations: same starting point, different temperatures
If the nucleus is (on average) neither growing or melting, it is critical at that temperature

Espinosa, J.R., Vega, C., Valeriani, C., and Sanz, E. (2016).
The Journal of Chemical Physics 144, 34501.

This is much faster then either e.g. metadynamics or forward flux sampling
But you have to know what sort of crystal is actually nucleating

Seeded MD

fashion or dissolve one by one into the liquid phase. In addition,
we state that every crystalline nucleus lucky enough to overcome
www.slido.com || #Y690
the critical size n* quickly grows to macroscopic
dimensions on a
time scale much smaller than the long time required for that
So now you have the critical nucleus size N*…
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(4)

Free energy barrier
Kinetic prefactor
where
kB is the Boltzmann constant
and 0 is a prefactor that we
discuss later. The steady-state nucleation rate is the central

The kinetic prefactor is computed by looking at the attachment rate

7080

The free energy barrier is computed from N*, the density of the crystalline phase, and
the free energy difference between the liquid and the crystal [thermodynamic integration]
It works!

• Error propagation
• You assume CNT throughout!

Embracing the failure
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We want to compare the experimental nucleation rates with those
computed via molecular simulations
We now have the whole arsenal of enhanced sampling methods at our disposal

We choose the simplest system:
Colloids
Simulations:
Simple(ST) potential: Hard spheres [computationally very fast]

V(ri,j)

ri,j
ri,j

We can deploy the whole arsenal … unbiased MD/MC, US, FFS, KMC…

Embracing the failure
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Experiments:
Colloidal particles can be imaged in real time and space (e.g. PMMA, confocal microscopy)

Gasser, U., et al. (2001).
Real-Space Imaging of Nucleation and Growth in Colloidal Crystallization.
Science 292, 258–262.

Nucleation Rates - Experimental vs Computational
This is so simple it has to work!

J. Phys.: Condens.
26 (2014) 333101
Embracing
theMatter
failure
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Figure 1. Scaled nucleation rate densities from experiment

(closed symbols) and simulation (open
symbols) in dependence
Why?
• It isfraction.
not about Data
the computational
methods
on effective HS packing
seemingly sort
in three
Chances are
is about
theAckerson
model… (PMMA,
groups. One is those•obtained
by this
Schätzel
and

By 1999 most
Figure 1 show
crystallization
millennium. H
rate densities,
radius, and DS
compile data o
simulation [24
First the avail
1999 [10]. No
spheres, sligh
spheres for ov
tions in the ra
the coexistenc
to the glass tr
amount of data
simulations em
An interes
experimental

Embracing the failure

ws

www.slido.com || #Y690

Water into ice
homogeneous nucleation

Sosso, G.C., et al. (2016).
Chem. Rev. 116, 7078–7116.

on of homogeneous nucleation rates for water,
experiments
and simulations. The x axis shows the superc
Why?obtained
Modelsby
and
Methods…
point of diﬀerent water models or 273.15 K for experiment. The y axis shows the logarithm of the nucleation rate in m

Blaming: The Art Of
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Blaming the methods
Seeded MD vs FFS:
Inconsistent (five orders of magnitude for mW at strong supercooling)
In principle, FFS simulations are the most accurate/reliable option

Some FFS simulations at exactly the same conditions are inconsistent
Blaming the models
The discrepancy between mW and TIP4P is expected
Tiny error in the reproducing the thermodynamical properties lead to
enormous errors in the nucleation rates
𝛥𝜇 (TIP4PIce) is about %20 smaller than 𝛥𝜇 (exp)
➪ 9 orders of magnitude!
The interfacial free energy is equally cumbersome [stacking disordered ice]
• We need better models
• It’s not about absolute numbers
• It’s about relative trends

Recap
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• Crystal nucleation is important
• It is a challenge for experiments and simulations
• The computational options:
- Brute force molecular dynamics
- Free energy methods
- Path sampling methods
- Seeded MD
• Nucleation Rates: Exp. vs Sim.
- We fail even when considering colloids
- Methods and models are both to be blamed
- It is all about relative trends

My research
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L.F. Siow et al. / Cryobiology 55 (2007)

Atomistic simulations of
heterogeneous ice nucleation
Why do we care?

Cryobiology:
Intracellular freezing
(cryotherapy and
cryopreservation)
Mineral
Dust

Atmospheric science:
Figure 1: Illustration of ice formation in clouds (left), together with the typical simulation setup (right)
Clouds
formation
and dynamics
we will employ
to unravel
the mechanism
of heterogeneous
ice nucleation
on of
the
clay
kaolinite.
Ice formation
on
top
ofmineral
lipid
Fig. 3. Scanning electron micrographs
EPC
LUV
andbilayers
DPPC LUV that were cooled to
The simulation box on the right side depicts an!15
ice!C;nucleus
(blue/light
balls 55,
and
sticks)
within
Cryobiology,
210 LUV,
(2007)
arrows show
the squashedblue
and
flattened
EPC
(b) EPC
LUVaat !55 !C, (c) DP
(climate change)
the freeze-concentrated DPPC LUV at the unfrozen channels. The inset in the micrographs
film of liquid water (red and white balls stands for oxygen and hydrogen atoms respectively) on top of
kaolinite layer (light blue and yellow polyhedra represent octahedral hydroxide and tetrahedral silicate

certain value of a macroscopic variable (such as energy, volume or solid c

Heterogeneous Ice Nucleation

www.slido.com || #Y690

supercooled liquid) is related in the canonical ensemble to the Helmholtz

It is surprisingly difficult to freeze pure water 
1
F (n)
0
One has to go to -40 C…
P (n) = exp
Z

kB T

where T is the temperature, kB the Boltzmann constant and Z the ca

function of the system. As we can see from figure 1b the heterogeneou

forming a cluster is always lower than for the homogeneous case. Accord
this in turn means that the probability of finding a cluster of certain size is

the heterogeneous case and hence the cluster size distribution for heterog
events should be shifted towards larger values of n.

a)

water

b)
25

f(θ)
θ

ice
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Ice on Earth forms thanks to
heterogeneous nucleation
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30

35

4

tive ice active site density (ns) for mineral dust, volcanic ash,
soot, fungal spores, pollen grains and bacteria. Our estimates,
based on the literature data discussed in the preceding sections,
are presented in Fig. 18. In order to estimate ns values we have
had to make assumptions about surface areas of materials such
as pollen and bacteria, due to which our estimates are prone to
errors on the order of a factor of 10. However, the ns values
presented here extend over nine orders of magnitude and hence
even with these large uncertainties a comparison is still valid.
Although there are caveats in the interpretation (see below),
Fig. 18 provides a benchmark with which to compare various

Ice nucleating agents

well suited to experiments in which a bulk suspension of solid
in water is generated and subsequently finely divided. Another
|| #Y690
approach is to determinewww.slido.com
the surface area using
the size of
aerosolised particulates given by aerosol instrumentation
such as the mobility diameter (see for example ref. 131, 132
and 184). Basing surface area on mobility size measurements is
clearly a sensible approximation, but it should be borne in
mind that dust particles tend to be agglomerates of many
smaller particles.120,184 Hence, this assumption may lead to a
substantial under-estimate of particle surface area. Broadley
et al.120,184 estimated that a 500 nm diameter particle of

Atmospheric Science

•
•

Mixed-phase (ice and water) clouds: form @ ~ -15 ºC
What sort of impurities can help the formation of ice?

Inorganic
Soot

Mineral Dust

Biological

Bacteria

Pollen

2 239
Fig. 18 Summary plot of ns values based on literature
surface area
a bacteria J.D.,
is assumed
to be 5 mm
. (2012).
For birch pollen, a surface
Murray, data.
B.J.,The
O’Sullivan,
D.,ofAtkinson,
and Webb,
M.E.
area of 1520 mm2 is assumed (d = 22 mm). Note that the data of Murray
al.105Rev.
and Broadley
et al.120 were determined using a gas adsorption
Chem.etSoc.
41, 6519–6554.
surface area which results in a shift to smaller ns values compared to the other mineral dust results where a spherical approximation was made
(see discussion inWhat
Section 7).
is it that makes a certain material capable of promoting the formation of ice?

Model systems

Simple systems
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General trends

Coarse grained (mW) water
•
•

Computationally fast
Fast water dynamics even at strong

on top of
ideal FCC crystals (LJ particles, frozen)
Fitzner, M., Sosso, G.C., Cox, S.J., and Michaelides, A. (2015).
J. Am. Chem. Soc. 137, 13658–13669.

• (111), (100), (110) and (211) surfaces (surface morphology)
• Different lattice parameters afcc [3.52 - 4.66 Å] (surface morphology)
Example
of a simulation
box used(LJinpotential)
a heterogeneous
ice nucleati
• Different
water-surface interaction
strength Eads [0.2-12
kcal/mol] (hydrophobicity)

r molecules are depicted as blue spheres while surface atoms are gr

systems
www.slido.com
|| #Y690
bModel
and
c are
fitting
to the
smoothness
of the
the timescale
for parameters.
tn (0.1-1 ns) Due
is indeed
comparable
with
thepoten
rela

Brute force molecular dynamics simulations:
racterizing
the
mW
model,
crystal
growth
the (E
supercooling
cons
This occurrence takes
place
mainly
for at
those
ads ,afcc ) values
Nucleation
rate from
survival probability

N
sim potential energy drop that
extremely
fast,
resulting
in
a
very
sharp
X
basically instantaneous (10-1000
ps)
formation
of almost perfect
1
(i)

Pliq (t) = 1

⇥(t

tn )

N
sim ai=1
most
1
ns
for
all
values
of
E
ads and
fcc considered. Thus, the result
of the surface.

depend on a specific
the error
1.0
1.0 functional form. We thereby estimate
Pliq(t)

n

Pliq(t)

a)
0.8
lculation of tn as ±
1
ns.
We
also
verified
that
no substantial
discre
0.8

can be observed 0.6
by using other order parameters like
0.6e.g. the numb

ules in the biggest 0.4
ice-like cluster, as reported in Figure
0.4 2.
= 1.12

e tn dataset, a survival
0.2 to the metas
0.2 probability Pliq (t) with respect
= 4.01

t, which was then fit0by a stretched/compressed exponential
function
0
0

20

40

t[ns]

60

80

Pliq (t) = exp[ (J · t) ]

0.6

1.0

t[

Model systems
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Simple models, complex behaviours

(211) face

Model systems
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Different ice faces on top of the very same surface
e.g. the (211) face
Hexagonal overlayer

Rectangular overlayer

afcc
Different
Different
iceface)
faces
FIG.Different
7. (a) Representative
snapshots
of the templating
three di↵erenteffects
faces (basal, prismatic
and (112̄0)
of hexagonal ice growing on topEach
of the surface
(211) surface
view).
Surface
atoms are depicted as balls
has(side
its own
story
to tell
(grey), while the bonding
network
of water
molecules
is Michaelides,
representedA.by
sticks (blue). The ✓ angle
Fitzner,
M., Sosso,
G.C., Cox,
S.J., and
(2015).
The Many Faces of Heterogeneous Ice Nucleation: Interplay Between Surface Morphology and Hydrophobicity.

in the top left panel illustrates that
theChem.
basalSoc.
face137,
and13658–13669.
the normal of the (111) terrace deviate. b)
J. Am.

Realistic systems
-
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Realistic systems:
Complex interactions (hydrogen bonding)
Flexibility of the surface
Nucleation sites (defects…)

a)

• Layered aluminosilicate [Al2Si2O5(OH)4] : it’s a clay
• (Siloxane or) Hydroxylated (001) surface
• The hexagonal arrangement of -OH groups promotes
ice formation
-

H. R. Pruppacher and J. D. Klett, Microphysics Of Clouds And
Precipitation (1997)
S. J. Cox et al., Farad. Discuss. 167, 389 (2014)

b)

Experiments:
Kaolinite is quite effecting in promoting ice nucleation in clouds

d)

Murray, B.J., et al. Nature Geosci 3, 233–237.

c)

MetaD vs FFS
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Atomistic (e.g. TIP4P/Ice) simulations of
heterogeneous ice nucleation [kaolinite and more…]

Converging
the FES
Metadynamics

Forward Flux Sampling

Recrossing

A
(water)

A(N, V, T, s)

A

B

B
(ice)

In order to converge the FES, crossing the free
energy barrier just once is -definitely- not enough
λB

One needs to observe several
recrossings, back and forth

λ3
λ2

s

λA

FFS

Till you actually fill the FES

In principle, when the FES is converged, the CV displays a diffusive behaviour
Very
sensitive to the choice of
the CV(s)
Sub-regions of the system
have to be biased
Simulation
You often end up with
thetime
wrong
This is notpolymorph
easily observed, but even in the ideal case, you need time to converge
Info about kinetics cannot be
easily obtained
Massive hysteresis
Simple CVs are not enough
Computationally expensive

CV

λ1

...

Less sensitive to the
choice of the CV(s)
The whole system can be
considered
You get the right
polymorph
Info about kinetics come
for free
No hysteresis
Simple CVs are not
enough
Computationally awfully
expensive

Letter

Mechanism
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l of Physical Chemistry Letters

Letter

es larger than our estimate for the heterogeneous

upercooling, homogeneous water nucleates into
rdered ice (a mixture of Ih and Ic).33−35 However,
of the clay leads to a very diﬀerent outcome. To
ompetition between Ih and Ic, we have adopted the
riterion introduced in ref 22 (see the Supporting
, pinpointing the building blocks of Ic (doublees, DDC) and Ih (hexagonal cages, HC) within the
uclei. The results are summarized in Figure 2: for

Ice nuclei nucleate at
the kaolinite-water interface

Sosso, G.C., Li, T., Donadio, D., Tribello, G.A., and Michaelides, A. (2016).
J. Phys. Chem. Lett. 7, 2350–2355.

Clear templating effect
of the -OH groups

Mechanism
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Homogeneous ice nucleation:
At strong supercooling, stacking disordered ice forms

Exclusively hexagonal ice exposing the primary prism face
to the -OH pattern of kaolinite

n
nThe critical nucleus
www.slido.com || #Y690
yl
The critical nucleus (N*)
o
aPC = Committor probability
(would a nucleus of a certain size 𝜆 melt into the liquid or grow into the crystal?)
is
as
at
a
it
es
e
−
n

g
n
o
e
er

•
N*KAOLINITE is ~ 225, less than one half of N*HOMOGENEOUS
Figure
1. (a) Calculated growth probability P(λ|λ ) and fraction of ice
•
N* is not shaped as a spherical cap (as Classical Nucleation 0Theory would assume)
nuclei sitting on top of the kaolinite (001) hydroxylated surface as a

The nucleation rate
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JKAOLINITE is about
20 orders of magnitude larger than
JHOMOGENEOUS
Can we compare our result with the experimental number?
•
•
•

•

•

Supercooling is too strong (~42 K means homogenous freezing)
Experimental nucleation rates are usually scattered along several orders of magnitude
We are probing the ideal, defects-free (001) hydroxylated surface of kaolinite. Experiments deal
instead with kaolinite particles exposing different faces, most likely characterised by defects.

Forget about absolute numbers:
we should look for relative trends
We can use the same method to compare the ice
nucleating ability of different materials (here:
kaolinite versus the homogeneous case)
We can get insight into the molecular mechanism of
ice formation

Ice on cholesterol
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Ice nucleation on cholesterol crystals
Frozen Droplets Experiments (T. Whale, Leeds)
Cholesterol crystals: spectacularly good (-30/-2 °C) ice nucleating agents

Strong
supercooling (-30º C)

Water

Cholesterol

[001]
z-axis
Force Fields
Water = TIP4P/Ice
Cholesterol = CHARMM_36

Hexagonal

Molecular Dynamics Simulations
Hydrogen-bonded H2O/-OH cages

Pentagonal

Ice on cholesterol
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Frozen Droplets Experiments (T. Whale, Leeds)
Cholesterol crystals: spectacularly good (-30/-2 °C) ice nucleating agents

Water

Cholesterol

[001]
z-axis
Force Fields
Water = TIP4P/Ice
Cholesterol = CHARMM_36

Hexagonal

Molecular Dynamics Simulations
Pentagonal rings

Ice on cholesterol
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6
Cubic Ice

100100
Hexagonal

Average number
of N.
DDC/HC
cages
of Cubic/Hexagonal

Average
number
Units
of DDC/HC cages

urf
urf

140 180 220 260 300
Hexagonal Ice

<HC>
CubicSurf
<DDC>Surf

[110]

[110]

10 10

1

1

0.1

<HC>Surf
<DDC>Surf

60 100 140 180 220 260 300
0.1
[001]
240 300 360 420
z-axis 60 120Size180
of the ice nuclei
(n. of molecules)

c (blue/cyan spheres/sticks) and hexagonal (red/orange spheres/sticks) ice within the early
FIG.OH
4. interface.
Competition
betweenForward
cubicFlux
(blue/cyan
spheres/sticks)
and hexagonal
(red/
Sampling
Simulations
-CHLM
The
average
number
of
double
diamond
and
hexagonal
cages
(DDC
001
OH
stage
of
ice
nucleation
at
the
water-CHLM
interface.
The. average
One surface, twois
icereported
polymorphs
and of
cubic)
nd Ih• respectively)
as(hexagonal
a function
the
order
parameter
Insets onnumber
the leftof d
001
• The
iceview)
nucleating
ability
ofblock
cholesterol
aIGame
of Temperatures
and
HC,
the atbuilding
of Icrystals:
reported
as a function of
c and
h respectively)
uations
(top
the
first
FFS interface
( =80).
Insets
on theisright
show representative
representative
fluctuations
(top view)
at the first
interface
e theshow
competition
between Ithe
twoIhpolymorphs
become
more evident.
TheFFS
dashed
(green)( =8
c and
raphic
along
with
Ih where
has thethe
possibility
to grow
on top of
Ic .two polymorphs b
iceplane/direction
nuclei at =165
and
260,
competition
between
the

with respect to the usual hexagonal crystals forming on most impurities - and whether

It’s
not enough!
|| #Y690
nucleation
does happen indeed on the flat prismatic www.slido.com
surfaces or on
top of specific

0

defects.

We have a (costly, but accurate) computational framework to investigate
the heterogenous nucleation of ice
100

001
100
m110
m130
80

Nuclei at the
waterMDHE interface [%]

a)

80

b)

[100]

[m110]

60

The nucleation 40rates of ice on:
20
• Kaolinite
• Cholesterol 0
80 100 120 140
100 120 140 160
• Metaldehyde

160

12

c)
Average number
of DDC cages

10

80

100

120

140

160

d)

8
6
4
2
0

80

100

120

140

160

are basically identical
(at strong
supercooling,
a similarly
good
job…)
re 8: a) Calculated growth
probability
P ( |all0 )good
and;INA
b) do
Fraction
of ice
nuclei
sitting on top of

MDHE surface(s) as a function of . c) Average number of Hexagonal Cages hHCiBulk and; d)
not good
le-Diamond Cages hDDCiBulk withinThis
the islargest
ice enough!
nuclei (identified according to the order
(remember, we are interested in trends!)
meter ) sitting on top of the MDHE
surface(s). The insets depict the typical morphology of
uclei on top of the (100) and (m110) surfaces.
Heterogeneous seeded MD

Hseeded MD
Same basic idea of seeded MD
(homogeneous case)

www.slido.com || #Y690
The case of
ice on cholesterol

• Which seed do we choose?
• How do we put the seed in contact with the surface?

• “Adsorption energy” of the first overlayer (we can do better!)
• Random structure search to build the hydrogen bond network

Consistent with FFS!

Hseeded MD
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Dealing with different ice polytypes and surfaces

IC (001)

Ih (110)

HseededMD
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Conclusions
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- Molecular simulations have the potential to provide unique insight into crystal
nucleation (and growth)
- The nucleation rate is the key quantity we need to build a bridge between
experiments and simulations
- Predicting nucleation rates for realistic systems is challenging. We have a few
options in terms of enhanced sampling methods (they are improving fast), but
the accuracy of the force fields is the most pressing issues (building force
fields is tedious, difficult, it does not pay in terms of publications, and nobody
wants to fund it)
- Heterogeneous nucleation is even more challenging. Tailoring seeded MD
methods is a possible way forward, but expertise from e.g. crystal structure
prediction people is needed
- Ice in biological matter is a challenge for molecular simulations - but it’s worth
it!
Shameless advertisement: this is where I am going - join in!

Thanks

•
•
•
•
•
•
•
•
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