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FACILITIES

Cluster Computing

Gibbs is the name given of a computer cluste
available to all ATOMS members. At this time, i
296 Central Processing Units {(CPU's) and

16 General-Purpose Graphical Processing Units (GP

GPU's), which are mostly used for molecula
simulations.

http://atoms.peq.coppe.ufrj.br/

HPF

The High Pressure Fluid equilibrium
cell. It is used to observe phase
transitions at pressure conditions up
to 1000 bar.

SMB

The Simulated Moving Bed pilot plant.
It is used to separation of enantiomers

using adsorption technology.

Applied Thermodynamics and Molecular Simulation

Crystallization analyzer

The Crystallization analyzer. It is used
to observe particle size distribution in

crystallization processes.
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My RESEARCH AREAS

e Thermodynamics

e Statistical Mechanics

e Transport Processes

e GGases, Liquids and Solids

e Electrochemical Systems

e Soft Matter Physics

e Statistical Theory of Fields
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MULTI-SCALE MODELLING

T(S) " Macroscopic Models
103 + Thermodynamics
Hydrodynamics
I T Continuum medium Models
Poisson Bolztmann,
3 DFT,
10_ T o T c
e Phase Field
; Mesoscopic D
10—6 4| :
Lattice Boltzmann,
N
Molecular Dynamics DPD
10~2 T md—zg = —VV(r) “More is different”
df (Anderson, Paul)
Quantum Mechanics
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CrAssicAL DFT As BRIDGE BETWEEN LENGTH SCALES

-ttt 9 Newton's equations,
22°2° Langevin equations,
o g @ . o
Cogo Smoluchowski equations
individual particles
.‘ approximations for the functional
microscopic
density functional theory (DFT)
microscopic one-particle density field
=T ‘ gradient expansion
phase-field-crystal (PFC) models
mesoscopic phase field
mesoscopic
‘ coarse graiming
phase-field (PF) models
coarse-grained phase field
macroscopic symmetry-based macroscopic approaches

\J
Emmerich et al. - Advances in Physics, 61(6), 665-743 (2012)




DENSITY FUNCTIONAL THEORY




THEORY OF LIQUIDS
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Lennard-Jones fluid

o =ae[(2)- ()

Hansen, J.P. and McDonald, I.R., 2013. Theory of simple liquids: with applications to soft matter. Academic press.
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RADIAL DISTRIBUTION FUNCTION }
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STATISTICAL THEORY OF LIQUIDS

Partition Functions

Q(N, T,V) = % é—% - Helmholtz Free-energy
F=—-k BT]IIQ
ZN = /“'/6_6UN(TN)d’I“1...dT'N
00 Grand Canonical Potential
2V, T, u) = N, T,V)ePHN
VT 1) %;Q( ) " Q= —kgTInE=F—uN
Density Distributions
Virial /Cluster Expansion, Integral
N N Equations Theory, Perturbation Theory
_ —BUN (r) _

p(r)——/---/e dri...dry_1=p

ZN

N(N -1
PP (r,r') = <ZN )/”°/6_BUN(’°N)dr1...drN_z=p29(7“)

McQuarrie, D.A., 2000. Statistical mechanics. Sterling Publishing Company.




CLASSICAL DENSITY FUNCTIONAL THEORY

Grand Potential

OV, T, 1) = Flp(r)] + /V dr [V () — 1] plr)

- R EXternal pOtential a’CtS

. as a chemical potential
Free Energy Functional

Flp] = Falp] + Fexc[p] Fa[T, p| = kT / dr p(r)[In(A’p(r)) — 1]

Equilibrium Condition

OF
— T]_ A_3 excC
kg n( p(r)) + 5p(r)

0§
(Sp(’l") Vou, T

+ Vext (1) —pp =0

Wu, J., & Li, Z. Annual Review of Physical Chemistry, 58(1), 85-112. (2007)
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FLUID UNDER EXTERNAL POTENTIAL

o> = 0.5925

kT /e =1.2
H/o =175
2 | 4 6
zlo
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FLUID UNDER EXTERNAL POTENTIAL

Snook, I. K., & van Megen, W.
Tang, Y., & Wu, J.

4 T ' ' 4 T T !
! ° ;‘}?T - oy’ = 0.5925
3 ] kpT/e=1.2 ~~~ Tang20(4
3 - 3l H/o =4.0 this work |
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/;1\2_ kBT/€—1.2 —~al i
< | H/oc=17.5 =
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kgT/e= 1.2~ Tang20i4 ==~ Tang20i4 --- Tang2((M
H/O’ —3.0 this work | (" — this work | 81 —— this work |
J-"".-b = ﬁ -
a4 pyo® = 0.5925 i~
= kgT/e=1.2 = 4 3_ ]
pyo® = 0.5925
Hio=20 LoT/e= 1.2
9 | iUr:r =1.8
2| 4
05 10 15 20 25 30 b0 0.5 Lo L5 2.0 b. 0.5 1.0 1.5
zfa z/o zfa

(1980) . The Journal of Chemical Physics, 72(5), 2907-2913
(2004) . Physical Review E, 70(1), 011201.



Wu,

EXCESS FREE-ENERGY

Fexelp(7)] = Fuislp(r)] + Faee[p(7)] Accounts for the size and interaction effects

1- Perturbation Theories

Fuu[T, p] = /dA/dr/drp Yullr — ' g(lr — ']; 0, T, )

2- Taylor’s expansion

J.,

Fo[T, 6] = Fats(pret) — / dr D (1) [p(r) — pred]

— / dr / dr' [p(r) = pretlc!® (1 — 1) [p(1") = pred]

. (2) ey — ot
;1_1%0 (r—7r") Bu(r —r’)

& Li, Z. Annual Review of Physical Chemistry, 58(1), 85-112. (2007)
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THE HARD-SPHERES FREE-ENERGY

Fundamental Measure Theory

BFhs[p(r)] = / 00 i 4 ol i — o - ) 4 ol — B - )

Weigthed densities

N (r) = /dr’ pi(r’)w((f) (r —7) |
SUL; 1.0

Weight functions

ws(r) = O(0/2 —|r|),

we(r) =|VO(c/2 —|r|)| =d(c/2 — |r|),

r ' : : :

wir(r) = VO /2~ [rl) = “6(0/2 — |r]) | R :

com w (r) = w®(r) /7o?, WD (r) = W (r) /210 e WD (r) = W) () /270.
Y. Rosenfeld, Phys. Rev. Lett., vol. 63, no. 9, pp. 980-983, Aug. 1989 16

Roth, R. (2010). Journal of Physics: Condensed Matter, 22(6), 063102.



PERTURBATION THEORIES

F or o0 1
pert _ 27‘(’,0/ deru(r)/ dag(r;p, T, @)
N 0 0
Taylo.r’s expansion in the /1 Aanglr 0,70, @) — i 1 ' /1 o1 3n_1g(TT;lf,1T, ) da
coupling parameter 0 —~ (n—1!Jy O a=0
Coupling Parameter Expansion PT Barker-Henderson PT
) 00 F](Blf% 00 )
=5O0RIE 27'(',0/ dr r?u(r) gns (73 p) N 2mp dr r=u(r) gns (73 p)
N 0 0
SCPT __ 2 Py 4 —== = —TPpPKns(p)= |p rrolu(r)| gns(r; p
N = 7Tp/0 dr reu(r) o » N dp 0

S. Zhou, Physical Review E 74, 031119 (2006).
S. Zhou, The Journal of Chemical Physics 125, 144518 (2006) .

J. A. Barker and D. Henderson, The Journal of Chemical Physics 47, 2856-2861 (1967).
J. A. Barker and D. Henderson, The Journal of Chemical Physics 47, 4714-4721 (1967). 17



SELF-CONSISTENT PERTURBATION THEORY FROM DFT

Pair Potential
V(r) = vns(r) + u(r)

|

First Order DFT

[Fexc[P] = Fuslpl + F)|

Fa

= — 27rp/ dr r2u(7“)ghs(7“; p)
N 0

dg(r; p, T, )

] g(r) = o~ BV (1) .~ BLEES — Hexc]
[ )
kgT/e
g(r)
A
p}l -
\_ r/o )

N = 7Tp/0 dr r?u(r)

Soares, E., Barreto, A., & Tavares, F. (2021). Fluid Phase Equilibria, 542-543, 113095.

oo

a=0 E?exc [,0]

Second Order DFT

= Fis[p] + Foylp] + Floyl

H

r

kBT/E A

>

Y
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PHASE DIAGRAMS OF FLUIDS

1.4

Yukawa fluid

Ao =138 --- BH

V('r) A V('f’) = {eex(ro—) -

0.0 0.2 0.4 0.6 0.8 1.0
pyo
Square-well fluid
oo, r<o \\\\\\\
V(r) A V(ir)=<¢—- o<r<o T
0, r>Ao
;7"
0.0 0.2 0.4 0.6 0.8
Pvo

Soares, E., Barreto, A., & Tavares, F. (2021). Fluid Phase Equilibria, 542-543, 113095.



FrLuiD NEAR A WALL

&~ SQUARE-WELL

+ ¢BL(r) + Bttese,

pb03 =04
kBT/G =20

€w/€ = 5.0

o
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INTERFACIAL ENERGY

Solid-fluid interface

= Qlp] — Oy
T4

Vapor-liquid interface

1.00
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Soares, E., Barreto, A., & Tavares, F. (2021). Fluid Phase Equilibria, 542-543, 113095.



ADSORPTION
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ADSORPTION IN ACTIVATED
CARBON

Nere (mol/kg)

GDS
0 1 2 3 4
Gas P (MPa)
Molecules )
293 K
Buoyancy
@
[ Weight
o Adsorbent

(mol /kg)

Thasin

Feve — Fh..'.a i Fhﬂ <t Fd“f;-SF oo

( ; 2 3 il
P (MPa)
Sermoud, V. M., Barbosa, G. D., Soares, E. do A., et al (2022). Chemical Engineering Science, 247, 116905.




201 T'=203 K

Hy, = 0.32 nm

f’|
(.11 i

|.r:||
1.5 i y T=23 K
Hi, = 06 nmn
1, bl
{1751
{1,501
|] JI
II'J
{3, 0] -"""_ ; _""‘“
0.0 (5 1. 1.5 plll 2 4.0
'-‘.".!T-:'l:-_
{IJ} 0.3
=
=
a0 (0.2
o
i = T- rf 50.1‘
My = 5407 nm T
oy
0.0

Sermoud, V. M., Barbosa, G. D., Soares, E. do A., et al (2022). Chemical Engineering Science, 247, 116905.
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CONFINED FLUID

. Bulk, PC-SAFT
120 A H,.. = 2.31nm
=
= 100
BU'E \
0 10 20 30

p (mmol/m?)

T'=112 Kk

supercritical-like fuid

0 =
0 2 4 i}
SG"“]
2
4 .
1T =80k
‘v'“l:l 3 e m—— ‘-..‘.'-I]H.ZII_'-'ﬁ.kI"' 1|||_'fr| [0.63 bar)
=R = |icquic-like: Huiel (063 bar)
2
(y — .
() 2 1 i
e

Sermoud, V. M., Barbosa, G. D., Soares, E. A.,et al (2021). Adsorption, 27(7), 1023-1034.

3

Py (bar)
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(GREEN ENERGIES

Power generation

Renewable power generation Share of renewables and coal
In global power generation
Annual change, TWh Share
400 50%
200 . . . A0%, —M
30%
200
20%
100 10% /
0 0%
2010 2012 2014 2016 2018 2020 2010 2012 2014 2016 2018 2020
® Wind @ Coal
Salar ® Renewables

BP. Statistical Review

of

@ Geothermal, biomass and other

World Energy, 70th ed.; 2021
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DIFFERENT COLOURS OF HYDROGEN

AN =

:

PV WIND BATTERY

GREEN HYDROGEN

PIPELINE AND
COMPRESSION

C,Q)

GREY HYDROGEN

Same production process as blue
hydrogen with CO, released into the air.

L]
2L
o]
o
i
o
=
o0
L
&
o

ELECTROLYSER HYDROGEN
l STORAGE
OXYGEN T

HiigeOmlilagnOn 6. nO

PIPELIME AND
COMPRESSION

=
LLL L
LLL h\_/

REFORMER

PINK HYDROGEN

Electrolysis with nuclear
energy as the source.

Electrolysis with solar
power as the only source.

https://www.petrofac.com/media/stories-and-opinion/the-difference-between-green-hydrogen-and-blue-hydrogen/
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HYDROGEN STORAGE AND CO2 CAPTURE

e
©
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" LLLRTRRLIAL
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Salt Bed . i a\‘lww
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: )

o

AR
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e

7.
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Aftab, A. Hassanpouryouzband, Q. Xie, L. L. Machuca, and M. Sarmadivaleh, Ind. Eng. Chem. Res., vol. 61, no. 9, pp. 3233-3253, Mar. 2022
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Hindenburg explosion - Lakehurst, USA - March 6, 1937




METAL ORGANIC FRAMEWORK

Rosi, Nathaniel L. et al. 2003. Science 300 (5622): 1127-29.
Hu, Y.H. and Zhang, L., 2010. Advanced Materials, 22(20), pp.E117-E130.

gravimetric uptake (mg/g)

MOF

Knudsen effect

24

20 -

16 -

0 200 400 600 800

pressure (Torr)
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BATTERIES AND CAPACITORS

ENERGY TRANSITION: EVERYBODY IS AFFECTED
SO EVERYBODY SHOULD BE HEARD!

Power generation

Renewable power generation Share of renewables and coal
in global power generation
Annual change, TWh Share
400 50%
300 . . . A0% ~\
30%
N 200
5 20%
2]
) 100
£ 10% —
o}
- —
g 0 0%
5 2010 2012 2014 2016 2018 2020 2010 2012 2014 2016 2018 2020
1
110 : ® Wind @ Coal
10° : : : : : Solar @ Renewables
1072 1071 10° 10! 102 103 10% ® Geothermal, biomass and other

| Energy Density (Wh/K

Wayu, Mulugeta. (2021). Solids (2) 232-248.

31
BP. Statistical Review of World Energy, 70th ed.; 2021



ELECTROLYTE SOLUTIONS
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CLASSICAL DENSITY FUNCTIONAL THEORY (DF'T)

Grand Potential functional

Ul pr(r)}. ()] = P+ Foxe + Feom + 3 [ dr (V) = ) i)

T /a dra(ru(r)

Coulomb’s free-energy o, © ©

Feoul{pi(r)}, ¥ (r)] = - /

1%

dr { 6026r IV (r)]? — ZZiepi(r)w(r)} \8@0 © @Q 09 o

Evans, R. et al (2016). Journal of Physics: Condensed Matter, 28(24), 240401.
Wu, J., & Li, Z. Annual Review of Physical Chemistry, 58(1), 85-112. (2007)




CLASSICAL DENSITY FUNCTIONAL THEORY (DF'T)

Density Profiles

(SQ 5Fexc ex

0pi(T)

Vi, T 5pz( )

pilr) = o exp[~8Ziew(r) + () + BVEN) + ]

Poisson’s Equation

0§
— ege, V2 Y(r) + Ziepi(r) =
5w(r) V.pi,p, T ’ Z
o€ €0€r .
— = Vv +o(r)=0
e e U r)| +olr)
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EXCESS FREE-ENERGY FUNCTIONAL

Accounts for the size and electrostatic Hard-Sphere Functional /
correlations effects “
Foxclp(r)] = Fis[p(r)] + Fecl[p(r)] BEhs[p(r)] = / dr @ppr ({0 (r)}) v

A%

Hexc = Hhs + Hec

BFD functional
FMSA functional

BFuq[o(r)] = / dr <I>MSA<{p§-"’}>
(b)

——Z / dr / dr’ Api(r) Acy M (jr = /1) Ap; ()

BFuclp(r)] = /v dr dysa ({g2 (1))
3 /V dr /V dr' pi(r) Aci 5 (jr — v'))p; (r')

Waisman, E., & Lebowitz, J. L. (1972).The Journal of Chemical Physics, 56(6), 3086-3093.
35

Levin, Y. (2002). Reports on Progress in Physics, 65(11), 1577-1632.
Roth, R., & Gillespie, D. (2016). Journal of Physics Condensed Matter, 28(24), 244006.




DENSITY PROFILES

: 102 5 .
(o] cations 3 o cations MC
o anions : (o] anions
s 10" 4
e
5y ]
10~3 10_; . . '
R PB ---- BFD —— fMSA
0_
=Y Z,=1and a; =03 i
E ) Cm_ (;JE} M i 0@ Z4+=2and ay = 0.15 nm
_r += LU N -
. g=—0.5C/m? —2 ¢ =10M
o =—0.5 C/m?
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 15 2.0
2z (nm z (nm
(nm) (nm) 36

Voukadinova, Valiskd, and Gillespie. 2018. Physical Review E 98 (1): 012116.



PROFILES NEAR A WALL  pi(r) = p*) exp|~BZieti(r) + i (r) + Bpis™]
Y

1

}/'a+ = 0.4 nm

High Wall Charge

10 = 7 = T | ==
; ~—— MFT O p*=004]
—-= BFD v 014
— fMSA A 024
162 3
N
* |
Q
10— 5
10—2....|....|....|....|....
0 1 2 3 4 5

37

Lamperski, Stanistaw, and Douglas Henderson. 2011. Molecular Simulation 37 (4): 264-68.



SURFACE CHARGE

1.5

1.0 1

0.5 1

_920  —10 0 10 20 30

0

Global charge electroneutrality

o —I—/ ZZiepi(z) dz=0
0

Differential Capacitance

Oo

P = Do
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BELL-TO-CAMEL TRANSITION

14 |
12 |
1.0 |

0.8}

T*

0.6
04}

0.2t

16

Open symbols: MC data

Lamperski, Stanistaw, and Douglas Henderson. 2011. Molecular Simulation 37 (4): 264-68.

0.0 b -
0.12 0.14 0.6 0.18 020 022 024 026 028 0.30

*

I,
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COLLOIDAL SYSTEMS




COLLOIDAL SYSTEMS

Disperse phase (solute) in continuous medium (solvent).

Size between 0.1 nm and 100 nm.

Aerogel

Lamperski, Stanisiaw, and Douglas Henderson. 2011.

Goyal, Amit K., et al. Elsevier, 2019. 15-33

Flashlight
Solution Colloid Suspension
Tyndall Effect
(A)
Polymer-drug
Polymeric Polymeric Dendrimers Polymeric sOnpugmes
nanoparticles micelles hydrogels
(B)
Ly n . L 1]
0,8 B oo »
., "_ ] LR )
Fi L S—
Liposnmas Solid lipid Phospholipid Nanuamulsiuns Self “"“““f'f‘ﬁ""ﬂ
nanoparticles micelles drug delivery
systems
(C)
F "“-‘__ g — "'..
| ‘! . :L"'f |
Sy f'-.,':
: : - '1.1 - |
Quantum dot Gold Magnetic Silica Ca’b"“
nanoparticles  nanoparticles  nanoparticles nanotubes

Molecular Simulation 37 (4): 264-68.
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DILVO THEORY OF COLLOIDAL PARTICLES ‘ ¢ ‘
© @

€
Hard-sphere repulsion ” (7“) R © ¢ o
(r) 00, for r <o, DH
bs 0, for r > o, ‘ /‘\
HS >
Electrostatic potential (Debye-Huckel) ® 4
Ze)? exp|—r(r —o |
() = (2 explonlr—o)
dreger (1 + 5kK0) r vdW

u(r) = uns(r) + uan(r) + wyaw (7)
Attractive potential (Hamaker)

Ap o o o’
theaw (1) = = 12 |r?2 —o? i r2 —|—21n<1 2

42

E. J. W. Verweyand J. TH. G. Overbeek, Theory of the Stability of Lyophobic Colloids, Elsevier, Amsterdam, (1948)



ATTRACTIVE FORCE

h
5 AFM Measurements
D 4
_5 4
E—ll} 1 A HR 1
= Fraw(h) = =—5=1z
Ny —15 van der Waals
® 500 mM NaCl
—20 1 B 500 mM CsCl o1
¢ 200mM CuSO, AH = (17:|:O].> x 10 J
—251 A 200 mM MgSO,
v 50 mM LaFe(CN);
_30 T T T T T
0 5 10 15 20 25 30
h (nm)

Smith, A. M., Maroni, P., Trefalt, G., & Borkovec, M. (2019). The Journal of Physical Chemistry B, 123(7), 1733-1740.



REPULSIVE FORCE — POISSON BOLTZMANN

PB-¢ PB-o
| =) —go=0 ol = e V)~ 0 =0
0P(r) |y W) lav
o —-— PByy ---- PBo
. B 10
N _
10° o= —0.23 e/nm?
i
> - = : NaCl
a3 =
02 - c= 1.0 mM
ST |
Derjarguin Approx. 1 \.56'?;?’0 — _9]
0 10t —5'
Wele = / II(h') dh/ |
h -;
D s
Fele = 27TReﬁ'Wele 10 .I ,
0 20 40 G0 80
h (nm)

Smith, A. M., Maroni, P., Trefalt, G., & Borkovec, M. (2019). The Journal of Physical Chemistry B, 123(7), 1733-1740.



CHARGE REGULATION MODEL

—SiOH <> —SiO + H"

—SiOH + Ht <— —SiOH,"

Mg+ = 10~ PHe=Pevo

Ka—Kgn <S))

0 = —E€Nlgites

pKa=—log(K4) =76
pKp = —log(Kp)=1.9

G.H. Bolt, The Journal of Physical Chemistry 61, 1166-1169 (1957).
T. Hiemstra, J. De Wit, and W. Van Riemsdijk, Journal of Colloid and Interface Science 133,

Ka+(n (S))—I—K (n (S))2

nsites — 4.6 11111

—2

e ©¢ ¢
©0 0000 O
OH OH,'O OH, O OH O OH

105-117 (1989).

D -
. L)
o )
N (e)
\ O ™
O
L)
o
i O
NaCl " o \o
: , o
1mM o  400mM
4mM o IM 5 \O\o
10mM o 4M
100mM \ ©
5 7 8 9 10 11



REPULSIVE FORCE

NaCl
c= 1.0 mM
pH =56

........ DLX.-"O —— PB—CT
104
103 1 o= —0.23 ¢/nm?
— 1
Z 1w
2102 I
S AN
: o = —51.25 mV
10! 43
I
it
10° ‘:!
:! |
0 20 40
h (nm)

Smith, A. M., Maroni, P., Trefalt, G., & Borkovec, M. (2019). The Journal of

60 30

Physical Chemistry B, 123(7), 1733-1740.
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REPULSIVE FORCE - CORRELATION

a b G d e f g
[ i |elele]]
Ol O QO
J L | 1OOOL
N h
- b repulsion
o
L; molecule/particle ...
E j attraction
a

surface separation h / diameter d

Israelachvili, J. N. Intermolecular and surface forces, 3rd ed.; Academic Press: Burlington, MA, 2011.
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Monochromatic
X-ray beam

X-ray Intensity

Log (Intensity)

I(q) = A|F(q)|’S(q) + B

Als-Nielsen, Jens, and Des McMorrow. Elements of modern X-ray physics. John Wiley & Sons, 2011.

Log (Counts) —>

Isotropic sample
azimuthal average

AN

Wavevector Q [13{ : ]
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INTERPARTICLE INTERACTION

F() t S(Q)
X \
N
F(q) ~ S(q)
. — Lysozyme, 5 ma/m| x /\_
— tmeome 28 ma i

1 1
- 1—pclg) 1+ pBu(q)

Hansen, Jean-Pierre, and Ian Ranald McDonald. Theory of simple liquids. Academic Press, 2013.

S(q)

attractive
()

repulsive
(@)

(Random Phase Approximation)
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LIQUID-LIQUID PHASE SEPARATION

!H 1 x cloud pai 4
{ } 50 ar symbols SAXS da (E} aE T=25"C
1071 = 0.8 M Mall
1074
E
%
o
oy 107 oy
_—
1074
R R 5
- ¢/ mgimL "
o 50 100 150 102 10 =
ma/mi ]
¢/ mgf , Q/ A"
{C} } e=80mgmL [T/°C {D]u?
Dooch 0.9 M NaCl 3 gg
n.
10 - :
o A5 RE
bl o 40 _I
E 10! o o 45 N } 'II
= 585 model
o |4 24 e/ mg/mi
— riarghas 40
= 107 rciez. B0
bacpmirics O
"o 20 30 a0 50 =34
o Ti°C # LS daiay
102 107 0 10 20 30 40 5O
QA T/!°C

Hansen, J., Pedersen, J. N., Pedersen, J. S.,

3.6 nm

Lysozyme

22 Virial Coefficient

bo(T) = 2m /OO [1 — e_B“("")] r? dr
0

Egelhaaf, S. U., & Platten, F. (2022). The Journal of Chemical Physics.



SALR STRUCTURES

SALR = Short-Range Attraction and Long-Range Repulsion

A Cluster Fluid Percolated Fluid

-

FCC-Cluster  Cylindrical =~ Double Gyroid Lamellar

A1

p

Zhuang, Yuan, and Patrick Charbonneau. 2016. The Journal of Physical Chemistry B 120 (32): 7775-82.
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CoLLOID CRYSTAL

a L 5 7
r o S

Hueckel, T., Hocky, G. M., Palacci, J., & Sacanna, S. 2020. Nature, 580(7804), 487-490.

L) 5 =0.95-0.81
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PHASE-FIELD MODELS




(GRADIENT EXPANSION

Free Energy of a Nonuniform System, 1. Interfacial Free Energy
Joun W. Caey AND Jouw E. Hirpiarp

Relative Density deviation e e v oy sy Y
p(’l’) — pref[l T ¢("°)] Cahn-Hilliard Equation
dp of OF
Free-energy functional ot =MV < 5 p)

FIT, o] = / dr f(p(r))

Excess free-energy functional
ED (k) =2+ dPR2 1 Pk 4 D) =) + VPV

FuselTop) = F = "5k [ dr (Bu® + Ba V0 + Bao V')

Op(r,t)
ot

= MV?(2C1p + 2C5V?p + C3V*p + f/(p))

Emmerich et al. (2012). Advances in Physics, 61(6), 665-743.

THE JOURNAL OF CHEMICAL PHYSICS VOLUME 28, NUMBER 2 FEBRUARY, 195¢
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CRYSTAL NUCLEATION AND GROWTH — T

Longuinho, M.M. et al, 2022. CrystEngComm, 24(14), pp.2602-2614.

M IN SITU
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CRYSTAL NUCLEATION AND GROWTH — PFC
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PDE FUNCTIONAL IDENTIFICATION OF NONLINEAR DYNAMICS

lc. Solve sparse
regression
arg min||OF — w3 + All£]lo
£

\4

la. Data collection :
1b. Build nonlinear
library of data and
derivatives

B

B :

E §l = |[-2=237 §§ El wi =0O6(w,u,v)t

= wy = B(w,u,v)E 2b. Compressed ‘librar}'1

3 2a. Subsample data Sl i G tte o

= EEmEEEEEESm

E EEEEEEE N . Sa:np]i“g

@ =

E—! AN ... c

I::' ettt il

U .

d. Identified dynamics
we + 0.993 1w, + 0.991 00w,
= 0.0099wz + 0.0009w,,

Compare to true
Navier-Stokes (Re = 100)

1
we+ (0 Viw = —V3

Re

2c. Solve compressed
sparse regression
arg min[COE — Cur 3 + ME o

- =

-

Correct PDE

wp = 0.01wze + 0.01wyy, — uw, — vwy,

Identified PDE (clean data) | w; = 0.00988w., + 0.00990w,, — 0.990uw, — 0.98Tvw,

Identified PDE (1% noise) | wy = 0.0107w,, + 0.0083wy,, — 0.988uw, — 0.983vw,

Can we identify functionals?!

Rudy, S. H. et al. Data-driven discovery of partial differential equations. Sci. Adv. 3, 1-7 (2017).
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CONCLUSIONS AND PERSPECTIVES




CONCLUSIONS

o9 g a Mewton's equations,
o : ;
e, £ Langevin equations,
©5o0 Smoluchowski equations

individual particles

* The size and electrostatic correlations are
Very import ant tO describe the hlgh l, approximations for the functional

microscopic

Concentration SySt’emS; - density functional theory (DFT)
* The colloid-colloid interactions can be

microscopic one-particle density field
described by the DFT with thermodynamics

-+ ‘ gradient expansion

and structural properties;
* The connection DFT-PFC is awesome! H b i

mesoscopic phase field

mesoscopic -
_ } S

* Extensions to associative interactions, solvent n phase-field (PF) models
explicit systems, chain-like systems (e.g., ionic sz gaminend phyice ekl
liqU.ldS) . macroscopic symmetry-based macroscopic approaches

* Quantum DFT? Chemisorption

* Machine-learning functionals 60
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BAcCK-UP SLIDES




DIFFERENT “FLAVORS” OF DFT

Modified Weigthed approximation

Foenlp(r)] = [ @r p(r) fyer (5(r). T)

3
1) = s | A o0 e — |~ )

Modified Mean-Field Theory

z/o

Soares, E. do A., Barreto, A. G. & Tavares, F. W. Fluid Phase Equilib. 542-543, 113095

o901\

/
S
BH 8- N
— \‘f .~ p/ /’_ > 50
cob 06 T \\ = 2
3 i
Q047 o0 =
000 o ppo = 0.678
' H =11.1760
0.0
1.5 15
A\
A\
\
L 107
o
Q =
0.5 1
ppo® = 0.741
H = 10.5490
0.0 ! T T T T
0.5 1.0 1.5 2.0 2.5 3.0 3.5

Fpert [,0(’)")] = Fut [p(’l")] + Feorr [)O(r)]

Foalp(r)] = % / dr p(r) / dr’ p(rYul(r — ')

Eeore[p(r)] = /drp(r)fcorr(ﬁ(r>7T)a
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TEORIA DE ESPALHAMENTO .~/  q

Interagdo , >
eletromagnética k/r k'
/\E\A ‘ Intensidade
Raio-X _espalhada Fator de Estrutura
¥ y
_ 2 2 2
I (q)/—,an Ape|F(a)["5(q) + Bla)
SRR k
Intelra(;éo " Densidade Volume da Fator de forma  Background
nuclear v de , particula
L particulas Diferenca de
) ‘ densidade especifica
entre a particulae o

Neutron solvente
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ELECTROLYTE SOLUTION THEORIES

Primitive Model

* Solvent is implicit (continuum medium)
* Hydrated size of ions

* Ion-ion interactions only

Kontogeorgis, G. M., & Folas, G. K. (2009). Thermodynamic models for industrial applications. John Wiley & Somns.

Ovanesyan, Z. et al (2014). The Journal of Chemical Physics, 141(22), 225103.

Non-primitive Model

(b)

Q

Solvent is explicit (particle)

Pauli size of ions

Ion-ion, Ion-solvent, solvent-solvent

interactions
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Ornstein-Zernike Equation

h(r) = g(r) — 1= e(r) + p / (7 — (") 4

Relation with pair
potential

Closure relations:

RPA (Random Phase Approximation): c(r) = —Bu(r)

g(r)(1 —e Pu) r < &
—pBu(r),r > o

MSA (Mean-Spherical Approximation): <) =

PY (Percus-Yevic): ¢(r) = (1 — e_B“(T))(h(r) +1)

HNC (Hyperneted-Chain) ¢(r) = —Su(r) + h(r) — In(1 + h(r))

SCOZA, SMSA, HMSA, RY, ....

C. Caccamo, Integral Equation Theory Description of Phase Equilibriain Classical Fluids, Physics Report 274, 1-105 (1996).



POLYMER-ATTENUATED COULOMBIC SELF-ASSEMBLY

E, (ksT)

Electrostatic interaction

() Z,Z_e? exp|—k(r — o)]
Uele(T) =
: dreperr (1 + %/{0)2

Alexander-de Gennes polymer brush

model  4xdi253/? 21\ /4 20
Upoly (1) = 3 P 128 (E) — 1]+ 1 1— (

Hueckel, T., Hocky, G. M., Palacci, J., & Sacanna, S. (2020). Nature, 580(7804), 487-490.
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MULTI-STEP NUCLEATION

a b c d
¢ L * C p € < p ¢ & € p
¢ < ¢ L4 ¢ &
! L4 [ L
¢ ¢ @ ¢ ¢ ¢
¢ s (@ [ L [ 4 C b € <
Disordered atoms J,
or molecules
S K < [
Ol <
¢ G%f C
[ & b [
Concentrated
precursor
é C .-C'-‘kf\ P ¥
¢ &8 ¢
€ ih LA
Nucleus ¢ ¢
Y

|

Crystal

Classical Non-classical

Vekilov, P. G. (2019). Nature, 570(7762), 450-452.

solution

crystals

®

solution

=
=
=
®
n
=
3
S

crystals
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PSEUDOSPECTRAL METHODS

1 2 ik-r
(r,t) = 37 ) ()™,
k

|

o
@ — MV2 [—/-ivzc—l— f’(c)] Kmin = 7
ot )

e (t)

1 _ Cp — KPFT{fu(cp)} MAL

a2 "N 2 A ~
g~ MIRFTUN QWIS ska@] = G 1+ MAt2WE? + rk?)
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PSEUDOSPECTRAL METHODS

1ofF ]
I fF =000 ]

0.8 '

0.6 |

n4}

02}

0.0 — — o .

10 ) 0.0 10

Diffusion

Advection

1.0 F S
[ = 0.00
0.8
06k
) L
LI
®pal
02l
0.0 o
_2 ) i 1 2
an
Burgers
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Square-well fluid
RENORMALIZATION Vo) < ric

\ Viry=¢—€ o<r<\o
0, r>MAo

r

34 A =20

107!

??EH
1072 1
TS
g —=15
(0.5 4 . , : | 10~3 | . | N . |
0.0 0.2 0.4 0.6 0.8 02 04 06 08 10 12 14 1.6

e/ kpT

a
Cien

Soares, E., Barreto, A., & Tavares, F. (2021). Fluid Phase Equilibria, 542-543, 113095.
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DLVO THEORY

Effect of Temperature (T) Effect of lonic Strength (l) Effect of Dielectric Constant (g) Effect of Surface Potential (y)

25 25 1 25
- 20°C

20 — 40°C 20 20
— 15 — GOZC — = 15 i 15
= —sc |l = ] )
> 10 100°C > > 10 > 10
acs S - %g 5 O E; o
(1N 0 m T I T ' o L Ll:J 0 W 0

-5 - -5 -5

-10 4 -10 -10

0O 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30 40 50
Distance (nm) Distance (nm) Distance (nm) Distance (nm)

(a) (b) (c) (d)




FORM AND STRUCTURE FACTORS

elar dV,

10

10

F(Q)

10

-f1

10

(a)

—— 100A

0

0.05 0.1 0.15 0.2
|

QA

From
Interactions

S(@)=14p / (9(r) — 1)e’™ dr?

\1)
®
) |
Iy
4' l|
'l
o ®
Iy ﬁ,.
i Fy I A
HE'; Il ! ! \ ff \
21 1 (. g: o
T ° \
I T ® - -
I Lo ".
g
I \/
(L—o—wu
0 2 4 6 8 10

Als-Nielsen, Jens, and Des McMorrow. Elements of modern X-ray physics. John Wiley & Sons, 2011.

Radius, r
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