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Abstract: Computer simulations are extremely useful in providing insight on the physical and chemical processes taking placesin nature. Very often
simulations are complementary to experimental investigations, providing the interpretations and the molecular level understanding that experiments
struggle to deliver. Yet, smulations are useful only when their results may be relied upon, that is, when they can accurately model the physical
system and the forces therein.

Thriving nanotechnologies and exciting experiments pose a big challenge to computational approaches, especially when dealing with solid-liquid
interfaces. On the one hand, the systems to be simulated are large and often long molecular dynamics simulations are needed. On the other hand,
extremely high accuracy isrequired.

We discuss here an approach to deliver high accuracy at low computational cost using quantum Monte Carlo and Machine Learning.
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Computer simulations shall
provide the molecular level insight
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a. L. Fumagalli et al., Anomalously low dielectric constant of confined water, Science, 360, 1339 (2018)

b. J. Abraham et al., Tunable sieving of ions using graphene oxide membranes, Nature Nanotechnology 12, 546
(2017)

c. E. Secchief al., Massive radius-dependent flow slippage in carbonnanotubes, Nature 537, 210 (2016)
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Accuracy iIs a big challenge

Example:
What is the contact angle of a water droplet on graphene?

We need
subchemical
accuracy!

35 4 45
Height [A]
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Accuracy is a big challenge

How challenging is to obtain subchemical accuracy?
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Accuracy iIs a big challenge

How challenging is to obtain subchemical accuracy?
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Density functional theory (grey curves) can provide any value
between 0 and -160 meV depending on the exchange-correlation
functional and vdW-corrections [PRB, 84, 033402 (2011)].

More accurate approaches are needed!
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Accuracy Vs Cost
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High accuracy comes with a big computational cost!
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Accuracy Vs Cost

A \achine Learning
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High accuracy comes with a big computational cost!
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Outline

dDiffusion quantum Monte Carlo

€ DMC in a nutshell
€ Recent algorithmic developments, improved accuracy and efficiency
€ DMC in periodic systems

JApplication: molecular crystals

€ MC are important and challenging systems, subchemical accuracy needed

€ A representative set of 8 molecular crystals

€ Lattice energy, experimental evaluation

€ DMC results versus experimental evaluations and other computational approaches

JApplication: water on graphene

€ The system

€ Previous results

& DMC results

€ Conundrum resolved
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DMC in a nutshell

A propagation according to the imaginary time
Schrodinger equation is performed to project
out the “exact” ground state ®(R) from a trial
wave function WY.(R).

» Generate a set of configurations (walkers)
according to a trial wave function Y{(R)

» Propagate in time, with finite time-step T,
according to the Green’s function
(branching-drift-diffusion process)

» The set of walkers determines f(R,t),
converging to ®(R)W(R) for large time.

V(x)

initial distribution

Imaginary time

ground-state distribution V¥

Y (x)
-

X
Chem. Rev., 116, 5188, (2016)
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DMC in a nutshell

Schrodinger equation is performed to project

wave function W.(R).

o Generate a set of configurations (walkers)
according to a trial wave function W{(R)

o Propagate in time, with finite time-step T,
according to the Green’s function
(branching-drift-diffusion process)

o The set of walkers determines f(R,t),
converging to ®(R)W(R) for large time.

Two phases in DMC simulation:

o Equilibration (project out the exact G.S.)

o Statistical sampling (stochastic method,
autocorrelation time)

Notice:
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A propagation according to the imaginary time

out the “exact” ground state ®(R) from a trial

DMC computational cost is proportional to 1/7.

V(x)

initial distribution

ground-state distribution V

Y (x)
R

Imaginary time

X
Chem. Rev., 116, 5188, (2016)
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Approximations in DMC

A propagation according to the imaginary time
Schrodinger equation is performed to project
out the “exact” ground state ®(R) from a trial
wave function W.(R).

Some approximations involved:

o Fixed-node/phase (fermionic systems)
o Pseudo-potentials (non-local terms)

o Finite time-step 1 (Green’s function is

known exactly for infinitesimal T)
o Modified Green’s function (stability)

V(x)

initial distribution

Imaginary time

ground-state distribution V¥

Y (x)
R

X
Chem. Rev., 116, 5188, (2016)
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Approximations in DMC

A propagation according to the imaginary time
Schrodinger equation is performed to project

out the “exact” ground state ®(R) from a trial

wave function WY,(R). V(x)

Some approximations involved:

» Fixed-node/phase (fermionic systems)
o Pseudo-potentials (non-local terms)
First two are usually not an issue in non-
covalent interactions (almost perfect error
cancellation).

initial distribution

Imaginary time

o Finite time-step 1 (Green’s function is
known exactly for infinitesimal T)
o Modified Green’s function (stability)

ground-state distribution ¥

Y (x)

>
X
Chem. Rev., 116, 5188, (2016)
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Approximations in DMC

A propagation according to the imaginary time
Schrodinger equation is performed to project

out the “exact” ground state ®(R) from a trial

wave function WY.(R). V(x)

Some approximations involved:

o Fixed-node/phase (fermionic systems)
o Pseudo-potentials (non-local terms)
First two are usually not an issue in non-
covalent interactions (almost perfect error
cancellation).

initial distribution

o Finite time-step 1 (Green’s function is
known exactly for infinitesimal T)

Value of time-step tis crucial:

Trade-off between accuracy and efficiency

Imaginary time

ground-state distribution V

o Modified Green’s function (stability) W(x)
Was at the source of a recently discovered

Size-consistency issue! X
y Chem. Rev., 116, 5188, (2016)

-
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Size-consistency

Size-consistent method: describes the fragmentation limit.
l.e.

AJ --- far away ---
A

E.(R,, >=)=E, +E,
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Size-consistency issue in DMC®

Size-consistent method: describes the fragmentation limit.
l.e.

A_/ --- far away --- {,.z
A B

E.(R,, >o)=E, +E,

Discovered ~3 years ago that the algorithm typically used DMC is
size-inconsistent for finite time-steps, although
size-consistency is recovered in the infinitesimal time-step limit.
Issue arising from the modification to the Green'’s function to
enhance stability! [Phys. Rev. B, 93, 241118(R) (2016)]
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Size-consistency issue in DMC#
importance sampling DMC

N (R — R/ V(R")) S(R) + S(R/)
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Size-consistency issue in DMC#
importance sampling DMC

N (R — R/ V(R")) S(R) + S(R/)
i(n R':7) = (277) g oxXp { 5 ! ” ;(H R';7) = exp { ( ! w
2T 2

“

Region Local energy Velocity

1 1
Nodes ELN:':E for iy vmi-l*

-EL = Eﬂ for 1!1()

Electron/ E]f—a; for some Pt v has a discontinuity

nucleus/electron ELzEO for iy for both y/; and ¥,

newDMC  §R)=F; - E,(R);

ET(R) = Fpest + blgn[ET(R) . Eb@ﬁ‘l] X Eew = a V /T
min{ Eew, |EL(R) = Ehest|};
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Size-consistent DMC

We developed a new DMC algorithm

. 0ld DMC
Old DMC algorithm => UNR new DMC ¥

o Size-inconsistent for finite T
o Size-consistent only for infinitesimal 1

New DMC algorithm => ZSGMA
o Size-consistent for (almost) every

Error on E,, [meV]

AZen, S. Sorella, MJ Gillan, A Michaelides, D Alfe, Phys. Rev. B, 93, 241118(R) (2016)]
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Size-consistent DMC

We developed a new DMC algorithm

Old DMC algorithm => UNR
o Size-inconsistent for finite 1
o Size-consistent only for infinitesimal 1

New DMC algorithm => ZSGMA
o Size-consistent for (almost) every

old DMC
new DMC +—¥—

Observed also that most of the time-step%
error was due to size-inconsistency.

Speed-up
up to x100

Error on E, [m

High precision and
accuracy at (relatively)
low computational cost

. > - g
\*""X—)K'?K - XK \i $--3

1 10 100
Computational Cost

AZen, S. Sorella, MJ Gillan, A Michaelides, D Alfe, Phys. Rev. B, 93, 241118(R) (2016)]
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Important in large systems

-300 this work —e—
UNR e

-320

-340
Worse in large systems!

Not possible a meaningful
extrapolation (unfeasible)
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DMC in periodic systems

Molecular crystals are periodic

systems.

DMC simulations with periodic

boundary conditions are

affected by finite-size errors.

By simulating the primitive cell EleLLL p— Ecrvs - Egas
and sampling the Brillouin zone "
(twist averaging boundary

condition) we eliminate the Experiment

independent particle finite- -37 2 kJ/mol

size error.

But, there are beyond-1-body

finite-size errors, that can be DMC Ewald, 1x1x1 cell,
very large! @ Baldereschi point

— -115 kJd/mol
\..

” » o
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Finite-size errors:
brute rforce solution: supercells

Ammonia crystal

1/N

mol

Large supercells are
computationally expensive
Not a feasible approach for
molecular crystals of large
molecules

FSE corrections?
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Supercell size
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Finite-size errors corrections ¢

Ammonia crystal

1/N

mol
Check of available
correction schemes
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Model periodic
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an extremely
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Use the size-consistent DMC! @

Ammonia crystal

1x1x1 || 2X2X2 3X3x3
If old size-inconsistent

UNR —— b DMC (UNR) were used,
ZSGMA +—6&— )7 and the 1=0

Exp. = = |.~ extrapolation is not
performed for each
supercell, obtained
inaccurate results!

[
S
~
-3
=,
=
o
L

With new DMC
(ZSGMA) the 1
dependence Is the
same for each
supercell.

e & O
Q- PR QPR
QD SN

DMC time step [au]

Pirsa: 19070007 Page 25/60



Pirsa: 19070007

Perspective for DMC

Cumbersome setup
Pseudo potentials?
T L

Jastrowr :
DM C Time step? 7 :> Au:tomatlc &

Finite size errors:
l |

Intrinsic Potential Issues
High accuracy Stability :"> Al Orlthm

validated setup

Large Systems Cost

| * f development
Suited for HPC Forces

Generate accurate reference data:

« benchmark other electronic
structure theories,

 train machine learning (ML)
potentials.
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Outline

dDiffusion quantum Monte Carlo

€ DMC in a nutshell
€ Recent algorithmic developments, improved accuracy and efficiency
€ DMC in periodic systems

JApplication: molecular crystals

€ MC are important and challenging systems, subchemical accuracy needed

€ A representative set of 8 molecular crystals

€ Lattice energy, experimental evaluation

€ DMC results versus experimental evaluations and other computational approaches

JApplication: water on graphene

€ The system

€ Previous results

& DMC results

€ Conundrum resolved
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They constitute the majority of marketed pharmaceuticals
A molecule can have many different polymorphs with competing energy

Arrangement of molecules in the crystal determines the physical properties,
including key drug properties such as dissolution rate and stability

The lack of knowledge of some polymorphs can lead to drastic

consequences

API: ritonavir

- HIV antiviral drug

- industrially produced
in form |

- form Il found 2 years after
market launch
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They constitute the majority of marketed pharmaceuticals
A molecule can have many different polymorphs with competing energy

Arrangement of molecules in the crystal determines the physical properties,
including key drug properties such as dissolution rate and stability

The lack of knowledge of some polymorphs can lead to drastic
consequences

API: ritonavir . form I. .

- HIV antiviral drug high solubility

- industrially produced form i Ko X
in form | o

- form |l found 2 years after low solubility
market launch 3

- reformulation required

»
LN T
" YT s ‘ T
nu\L,. (LL e} ) lattice energy
J\ N0 difference

]

barrier "

stability

crystal packing
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They constitute the majority of marketed pharmaceuticals
A molecule can have many different polymorphs with competing energy

Arrangement of molecules in the crystal determines the physical properties,
including key drug properties such as dissolution rate and stability

The lack of knowledge of some polymorphs can lead to drastic
consequences

A challenge for theoretical approaches: to predict and rank polymorphs,
subchemical accuracy (i.e., < 1 kcal/mol) in evaluating energy (and
enthalpy) per molecule is required
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They constitute the majority of marketed pharmaceuticals
A molecule can have many different polymorphs with competing energy

Arrangement of molecules in the crystal determines the physical properties,
including key drug properties such as dissolution rate and stability

The lack of knowledge of some polymorphs can lead to drastic
consequences

A challenge for theoretical approaches: to predict and rank polymorphs,
subchemical accuracy (i.e., <1 kcal/mol) in evaluating energy (and
enthalpy) per molecule is required

AcCcluliacy, Affelidabillity,
DFT (<) S
©

DFT+vdW @)

CCSD(T) (3 O

QMC ? ?
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They constitute the majority of marketed pharmaceuticals
A molecule can have many different polymorphs with competing energy

Arrangement of molecules in the crystal determines the physical properties,
including key drug properties such as dissolution rate and stability

The lack of knowledge of some polymorphs can lead to drastic
consequences

A challenge for theoretical approaches: to predict and rank polymorphs,
subchemical accuracy (i.e., <1 kcal/mol) in evaluating energy (and
enthalpy) per molecule is required

AcCcluliacy, Affelidabillity,

DFT
DFT+vdW

&
o)
CCSD(T) (3
©

QMC: DMC

O000
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A representative set
of 8 molecular crystals
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three polymorphs of ice and five crystals from the C21 test set

comprises a diversity in
intermolecular interactions,
from strong hydrogen
bonds to London
dispersion
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| I _
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E 40 r
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5 .80
£
-100 .
Exp -
-120
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from experiments
Ela.tt — Ecrys — Egas

Lattice energy E,, can be indirectly obtained from measures of the Sublimation Enthalpy
AsubH(T) = — B + A'l’&-’..QN (T)
ST
Areon(T) = AEzpe + | AC,(T)dT
J0

Benzene (CyHg) Anthracene (Cy4Hyq) Carbon dioxide (CQO,)

Ruzicka 2014 ) JPGRD 2010 JPCRD 2010 =
+ JCPRD 2010 JPCRD 2008 - used
JPCRD 2008 * | used
used

k.JVmiol]

Sublimation Enthalpy [k
Sublimation Enthalpy [kJ/mel]

Sublimation Enthalpy [«J/mol]

42 ; 24
140 160 180 200 220 240 260 280 300 250 300 350 400 450 500 50 100 150 200 250 300

Temperature (k] Temperature [k] Temperature [k)

On average, experimental error on the sublimation energy of ~1 kcal/mol
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Accuracy of DMC

W\T/‘\Tf%%"’

DMC(large-cell) 7

overbound

A Zen et al., Proc. Natl. Acad. Sci. U.S.A.,115, 1724 (2018)
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DMC with small cell

©
c
=
(@)
0
—
@
©
c
3

DMC(large-cell) 7
DMC(small-cell)

overbound

A Zen et al., Proc. Natl. Acad. Sci. U.S.A.,115, 1724 (2018)
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oo Y9 =«
== = >

DMC(large-cell) —s7—
DMC(small-cell)
CCSD(T) O

overbound

A Zen et al., Proc. Natl. Acad. Sci. U.S.A.,115, 1724 (2018)
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DMC(large-cell)
DMC(small-cell) o
CCSD(T) [

MP2 O

overbound

A Zen et al., Proc. Natl. Acad. Sci. U.S.A.,115, 1724 (2018)
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underbound

+

T
v vy d

=

DMC(large-cell) <7
DMC(small-cell)
CCSD(T) [
MP2 O
RPA +

overbound

A Zen et al., Proc. Natl. Acad. Sci. U.S.A.,115, 1724 (2018)
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Affordability of DMC?

DMC(large-cell)

3
S
@)

<

)
o

O,
%)
o

@)

24h x 32 x 10

NN N GRS

A Zen et al., Proc. Natl. Acad. Sci. U.S.A.,115, 1724 (2018)
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Affordability of DMC?

DMC(large-cell)
DMC(small-cell)
old DMC
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A Zen et al., Proc. Natl. Acad. Sci. U.S.A.,115, 1724 (2018)
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Affordability of DMC and RPA

DMC(large-cell) 7

DMC(small-cell)

old DMC [
-+
X

o
S
@)
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)

o

O,
%)
o

@)

24h x 32 x 10

RPA
RPA+GWSE

NN N A CH SR O

A Zen et al., Proc. Natl. Acad. Sci. U.S.A.,115, 1724 (2018)
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QMC is a reference method able to tackle molecular
crystal of actual pharmaceutical interest;

ritonavir form Il

SPG: P2,2,2,
#atoms: 392

Deploy QMC for:

understanding, screening and predicting the properties of
complex molecular crystals;

validating cheaper approaches (providing benchmarks) ;
assessing the relative stability of different polymorphs;

furthering crystal engineering to design novel
pharmaceutical compounds.
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Outline

dDiffusion quantum Monte Carlo

€ DMC in a nutshell
€ Recent algorithmic developments, improved accuracy and efficiency
€ DMC in periodic systems

JApplication: molecular crystals

€ MC are important and challenging systems, subchemical accuracy needed

€ A representative set of 8 molecular crystals

€ Lattice energy, experimental evaluation

€ DMC results versus experimental evaluations and other computational approaches

JApplication: water on graphene

€ The system

€ Previous results

& DMC results

€ Conundrum resolved
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Value of E, is still unknown

1 -130 meV DFT/CC

-130 meV DFT-SAPT

-70 £ 10 meV Diffusion Monte
Carlo (DMC)

-135 meV i-CCSD(T)

Miroslav Rubes et al., JPC C 2009, 113, 8412

G.R. Jenness, O. Karalti and K.D. Jordan, PCCP 2010, 12, 6375

J. Ma, A. Michaelides, D. Alfe, L. Schimka, G. Kresse, and E. Wang, Phys. Rev. B 2011, 84, 033402
E. Voloshina, D. Usvyat, M. Schutz, Y. Dedkov and B. Paulus PCCP 2011, 13, 12041

Pirsa: 19070007 Page 45/60



Value of E, is still unknown

-130 meV DFT/CC Corrects DFT based on differences at
small cluster level

-130 meV DFT-SAPT Extrapolations on clusters

-70 £ 10 meV Diffusion Monte Periodic system, ~ 50 Million Hours, large
Carlo (DMC) stochastic error, finite-size effects

-135 meV i-CCSD(T) Incremental expansion, correlation from
cluster, small basis set

o All these approaches had weaknesses and possible issues.

Miroslav Rubes et al., JPC C 2009, 113, 8412

G.R. Jenness, O. Karalti and K.D. Jordan, PCCP 2010, 12, 6375

J. Ma, A. Michaelides, D. Alfe, L. Schimka, G. Kresse, and E. Wang, Phys. Rev. B 2011, 84, 033402
E. Voloshina, D. Usvyat, M. Schutz, Y. Dedkov and B. Paulus PCCP 2011, 13, 12041
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Adsorption on graphene
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Adsorption on graphene

Graphene Ey [meV]

[ DMC +—@—

| l l
3 35 4 3 35 4 3 35 4

Distance [A] Distance [A] Distance [A]

« Very similar binding energies for different motifs
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New DMC, why discrepancies?

-130 meV DFT/CC
-130 meV DFT-SAPT

-70 £ 10 meV Diffusion Monte Large stochastic error, finite-size effects
Carlo (DMC) are neglected

-135 meV i-CCSD(T) ?

99 + 6 meV Diffusion Monte
Carlo (DMC)

Miroslav Rubes et al., JPC C 2009, 113, 8412

G.R. Jenness, O. Karalti and K.D. Jordan, PCCP 2010, 12, 6375

J. Ma, A. Michaelides, D. Alfe, L. Schimka, G. Kresse, and E. Wang, Phys. Rev. B 2011, 84, 033402

E. Voloshina, D. Usvyat, M. Schutz, Y. Dedkov and B. Paulus PCCP 2011, 13, 12041

J.G. Brandenburg, A. Zen, M. Fitzner, B. Ramberger, G. Kresse, T. Tsatsoulis, A. Gruneis, A. Michaelides, D
Alfe, JPCL 2019, 10, 358
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New DMC, why discrepancies?

-130 meV DFT/CC Small clusters?
-130 meV DFT-SAPT Small clusters?

-70 £ 10 meV Diffusion Monte Large stochastic error, finite-size effects
Carlo (DMC) are neglected

-135 meV i-CCSD(T) ?

99 + 6 meV Diffusion Monte
Carlo (DMC)

Miroslav Rubes et al., JPC C 2009, 113, 8412

G.R. Jenness, O. Karalti and K.D. Jordan, PCCP 2010, 12, 6375

J. Ma, A. Michaelides, D. Alfe, L. Schimka, G. Kresse, and E. Wang, Phys. Rev. B 2011, 84, 033402

E. Voloshina, D. Usvyat, M. Schutz, Y. Dedkov and B. Paulus PCCP 2011, 13, 12041

J.G. Brandenburg, A. Zen, M. Fitzner, B. Ramberger, G. Kresse, T. Tsatsoulis, A. Gruneis, A. Michaelides, D
Alfe, JPCL 2019, 10, 358
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Adsorption on small substrates

[L-CCSD(T) +—i— |

s DMC +—@—i

>
)

E

L0
L
Q
c
)
N
c
)
m

Coronene E,, [meV]

| | | | | |

3 35 4 3 35 4 3 35 4
Distance [A] Distance [A] Distance [A]

L-CCSD(T): JCP 2001, 114, 661; JCP 2013, 139, 134101; JCP 2018, 148, 011101
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Extrapolation of substrate size *

DMC: O-leg b--w--{
1-leg  b--dv-~
2-leg k--0-

substrate radius

>
[}
E
>
o
| —
@
o
)
o
T
©
=
o)

Extrapolations
using benzene and
coronene data are
unreliable.

| : ! \ ! .
0.1 0.2 0.3
1/ substrate radius [A 1]

TSP ' Slow convergence
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Why discrepancies?

-130 meV DFT/CC Unreliable extrapolation

-130 meV DFT-SAPT Unreliable extrapolation,
SAPT is not a reference method

-70 £ 10 meV  Diffusion Monte Large stochastic error,
Carlo (DMC) finite-size effects are neglected

-135 meV i-CCSD(T) Single particle basis set too small?

99 + 6 meV Diffusion Monte
Carlo (DMC)

Miroslav Rubes et al., JPC C 2009, 113, 8412

G.R. Jenness, O. Karalti and K.D. Jordan, PCCP 2010, 12, 6375

J. Ma, A. Michaelides, D. Alfe, L. Schimka, G. Kresse, and E. Wang, Phys. Rev. B 2011, 84, 033402

E. Voloshina, D. Usvyat, M. Schutz, Y. Dedkov and B. Paulus PCCP 2011, 13, 12041

J.G. Brandenburg, A. Zen, M. Fitzner, B. Ramberger, G. Kresse, T. Tsatsoulis, A. Gruneis, A. Michaelides, D
Alfe, JPCL 2019, 10, 358
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Slow convergence of QC
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extrapolated values

] ] 1 l

2 3 4 5 CBS(4,5)
cardinal number cc-pVXZ

Coupled Cluster with Singles,
Doubles and perturbative
Triples

Boys-Bernardi counter poise
correction

Needs to describe exited
determinants

Cubic convergence ~X3

Need for the complete basis set
extrapolation (CBS).
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Discrepancies resolved

-130 meV DFT/CC Unreliable extrapolation

-130 meV DFT-SAPT Unreliable extrapolation,
SAPT is not a reference method

-70 £ 10 meV  Diffusion Monte Large stochastic error,
Carlo (DMC) finite-size effects are neglected

=135 meV i-CCSD(T) Single particle basis set too small

-99 + 6 meV Diffusion Monte Value in agreement results from
Carlo (DMC) periodic CCSD(T) (-87 meV)
and RPA+GWSE (-98 meV)

Miroslav Rubes et al., JPC C 2009, 113, 8412

G.R. Jenness, O. Karalti and K.D. Jordan, PCCP 2010, 12, 6375

J. Ma, A. Michaelides, D. Alfe, L. Schimka, G. Kresse, and E. Wang, Phys. Rev. B 2011, 84, 033402

E. Voloshina, D. Usvyat, M. Schutz, Y. Dedkov and B. Paulus PCCP 2011, 13, 12041

J.G. Brandenburg, A. Zen, M. Fitzner, B. Ramberger, G. Kresse, T. Tsatsoulis, A. Gruneis, A. Michaelides, D
Alfe, JPCL 2019, 10, 358
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Benchmarking DFT

PBEO-MBD
rev-vdW-DF2

| graphene
clusters

vdW-DF2
optB88-vdW
vdW-DF1
SCAN
PBE-VV10
PBE-MBD
PBE-TS
PBE-D3
PBE-D2
PBE

O 10 20 30 40 50 60 70 80

Mean unsigned error [meV]

J.G. Brandenburg, A. Zen, D Alfe, A. Michaelides, Interaction between water and carbon nanostructures: How
good are current density functional approximations?, in preparation
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Benchmarking DFT

water@graphene HCNT
3

v L 2
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SR
oS
eixs

water@PAH

2D ice

J.G. Brandenburg, A. Zen, D Alfe, A. Michaelides, Interaction between water and carbon nanostructures: How
good are current density functional approximations?, in preparation
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Conclusions

* Modeling to be used complementary
to experimental studies

DMC is affordable method
with controllable high accuracy

Molecular level understanding of
water-graphene interaction

Outlook
Algorithmic DMC improvements

Study of water dynamics on
graphene via DMC based ML

4 5 ]
Height [A]

ome setup

Automatic &
=> validated setup

Algorithm
. development
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Fundraising for WaterAid

Swim, Run, Bike for WaterAid
because clean water is worth fighting for.

¢ R ICE Triathlon fr e . We're taking part in this
: Water ., %" © year's Castle Howard
» ar———r

. : triathlon (21July) in aid of
s - : : SR WaterAid.

WaterAid is an international
charity working to provide
clean water and decent
toilets to everyone,
everywhere.

Gabrile" 1 P;trick
C Phil || R,
el 1 o
www._justgiving.com/fundraising/ice-group-at-ucl2

Please offer us whatever support you can.
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