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Computer

s M. P. Allen and D. J. Tildesley, Computer Simulation of Liquids
SRl (Clarendon Press, Oxford, 1987)

A. R. Leach, Molecular Modelling, 2nd edition
Sﬂﬂi"“—‘s (Prentice Hall, Harlow, 2001)

“CULAR [
SIVIILATION |

D. Frenkel and B. Smit, Understanding Molecular Simulation
(Academic Press, San Diego, 2002)

T. Schlick, Molecular Modeling and Simulation
sncimsoe™  (Springer-Verlag, New York, 2002)

IIIII duction to L
Computational

Chemistry

F. Jensen, Introduction to Computational Chemistry
(Wiley, Chichester, 1999)

D.C.Rapaport, The Art of Molecular Dynamics
(Cambridge University Press, 2004)
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The first molecular dynamics simulations were carried out by
B.J. Alder and T.E. Wainwright, "Phase transition for a hard-
sphere system”, J. Chem. Phys. 27 (1957) 1208.
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Selective translocation of water across a membrane
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. Hub and Bert L. de Groot. Mechanism of selectivity in aquaporins and aquaglyceroporins PNAS. 105:1198-1203 (2008
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@ Degrees of freedom:
Q) atoms as elementary
@ particles + topology
Forces or @ @ @
interactions B
between atoms 1 Boundary conditior
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Forcefield

] \ Vo) = qi4; Charge-charge
] cott 4T interactions

~ o\'* _ro\°l Dipole-dipole
Viy(r) = 4e [(r) (r) ] interactions
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t t+ot t+20t

7(t + 8t) = 7(t) + Stv(t) + %(St)zé(t)+. ,

v(t + 6t) = v(t) + Sta(t)+...
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VerletfR 77 512

7(t + 8t) = 7#(t) + §tv(t) +%(8t)25(t)

7t — 6t) = 7(£) — StH(E) + %(St)zﬁ(t) }

a(t) = —vU(t)

;A\

Lh

\

7(t + 6t) = 27(t) — 7(t — 6t) + (8t)?d(t)

v(t) = [7(t + 6t) — 7 (t — &t)] /2 &t

Velocity-Verlet algorithm

r(t + 6t) =7(t) + dtv(t) + % (8t)2d(t)

v(t + 6t) = v(t) + % [a(t) + a(t + &t)]
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Example 1: argon atoms

Caracteristic distance: d =~ 0.3nm Fastest motion:
vibration of O-H bond
Caracteristic speed:
3ksT
m

Period of the vibration:
~ 350m.s™ 1

vV =

d v=4000cm 1= T ~ 10 4s
Caracteristictime: t=~ = 107135

- Time step 5t = 10¢ s
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 Andersen thermostat
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FIMaxweliE 704 (G847 T Sthermal bathfilf )

1. Start with an initial set of positions and momenta {r™(0), p™(0)} and
integrate the equations of motion for a time At.

2. A number of particles are selected to undergo a collision with the heat
bath. The probability that a particle is selected in a time step of length
At 1s VAL.

3. If particle i has been selected to undergo a collision, its new velocity
will be drawn from a Maxwell-Boltzmann distribution corresponding
to the desired temperature T. All other particles are unaffected by this
collision.




P

e Berendsen thermostat

B MD, PR HEE L — MEIE
WXZN 2R SR 18 € IR AL o

A

TV'=

il

=)

GilEhE &8 =4 I ) W P i

* Extended system method
* Constraint method
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No list

T =cN(N

1)/2

Verlet list
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Ty = cny N 4+ —N~

Cell list

Tt =cnN + ¢ N
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Linear Congruential Generator (LCQG):
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Mersenne Twister (MT) ... ...
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SR P AL (Monte Carlo)

* Monte Carlo methods are a broad class of computational
algorithms that rely on repeated random (statistical) sampling to
solve mathematical problems.

* They are often used in physical and mathematical problems and
are most useful when it is difficult or impossible to use other
mathematical methods.

* Monte Carlo methods is particularly suitable for statistical
physics problems in equilibrium-state many-body systems.
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The modern version of the Monte
Carlo method was mnvented 1n the
late 1940s by Stanislaw Ulam, while
he was working on nuclear weapons
projects at the Los Alamos National
Laboratory.

The novel contribution of Ulam was
to realize that derterminate problems
could be treated by finding a
probabilitic analogue which 1s then
solved by a stochastic sampling
experiment.

SN SR 2 A

Stanislaw Ulam (1909-1984)



Nicholas Metropolis

Nicholas Metropolis (1915-1999)

The algorithm invented by Metropolis et al
(1953) 1s the most important MC method.
(the first simulation of a liquid)

Monte Carlo in Monaco
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Monte Carlo-5 #1548 14

Monte Carlo /7 V45 7 i& & 3R E R 221 22 EHAR 43 [l 8, 1
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Q= chderN exp[—?—[(rN pN)/kBT]

_ [dpNdr™ A(pN, ™) exp[-pH(p™, 1)

) [dpNdrN exp[—BH (pN, tN)]
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FIR SR Ry, [ =

(f)

N 1 N

102 |0.879679 | 1-47x 107
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106 |o0.8e6876 |1-11x 10"
107 |0.867004 |3:63x 107
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Q= chp dre™ exp[—?—[(rN pN)/kBT]

Helmholtz H H fE:

F= —kBTln Q
o (1) oF
N BE: E = _T?2 T £53 « S = — (_)
oT 0T/ V,N
BNEAR T ER T (2mnkBT)3N/2

PR EB 4 Z = JolrN exp[—pU (™))

R FOArRSCRR IR MO R B 4922
(Boltzmann[&l FZEA FE 23 0] BIZNAS AV, (WAK) )




it 15

U B2 FE Boltzmann X 7F A = ETJEI’JFE'J@J}UJC 1M 58 AT
FUREEAIPERIMCHBR  _ [ 4o ol parte)

BRI (RWAE 1000 1) -

(1) AE—3004E A E R REALEI I — & (P2 AE3001 33 2] 79 At
PIBENLEL, =X N T — MR E)

(2) THEX ML GE, M 2hzA K B BoltzmannA

(3) Egﬁ Jiﬁ%//\, ;k’f_Lﬂ:/ﬁu/\

‘= VL_NZ exp[—puU (™))
%ﬁ%ﬁ@%ﬁﬁﬁzz“

B FIAEMC KL 79 PREUE 15 AT 47227
A3 A S R R I AT @%Fﬁ/\ PRASE 511 !

N =H
8 el
mni

e A

ﬁ g




gt 115

VIR ARHIREE: e,

(A — fdedr A(pN___l_‘f\_’_)exp[ [S”H(pN,rN)]é

*E}Eimg

[ dr™ exp[—pU(e™)]A(FN)
[ drN exp[—BU(rN)]

W A () exp[—BU(t")] Jdr expl—BU ()
Alr

/Z
L
~ 1 YA
=]

(A) = JdrN N (M

Fy3& — A~ BA Boltzman 4y A I BEAL

— |

l;HU
=
el
Lml
[T
X
HE
o
HF




Metropolis /7 V% - MarkovEE

—

ME— D RGUIRSTE I MarkoviE (GIFE) , &3 KB (8] B 7
t, RGHPIRSER|— N ERJLHE 0 (Boltzmann 734D

Markovk ;

ZLH— BB ALEUIRES . Xg» X)> Xy peres X, 5o

MarkovBEFFAIE - ToiclZ:
PRSI — 2 rEAAT N, (NS HEPIRASHER, 558 2R
>Iji/j‘l_§3|39\é’ P(Xn+1|X()a Xln- R Xn) — P(Xn+l|Xn) °

P(X ot X ) IR TT(X->K ), WE | Markovid F#,

A

R GURS B LR A o

PN AER:

2 HRPHEN, REFEEAS T DA E R,



Metropolis /7 V% - 40301

o TGRS E T(0 — M) 53T MarkovigE L 1)
KRENRIRES Al 28 E =204 (Boltzmann) ?

. —H AGUAT T P, HBERmE (o — n)
AT AL B R T4 5 A

o MECVHT R
N(o)r(o = n) =N(n)n(n — o)

C NFT N ()IBNHALFE L) vy - explpUT)

/Z

i A2 A ST 1 5 A% R 18 DR AR S SO 3 98 E O30 A



Metropolis /715 - H3¢ 5 B 5%

s HRMFE (o — n)sLhr LB

IRSIEFM R o (0 — n)FDRSEEZMAE acclo — n)
o -5 n) = x(o — n) x acclo — n)

e BHEIEHN x(o - n) = a(n — o)

« ECPEME N (o)mlo ) = N(n)m(n — o)

2
N(o) x acclo = n) =N (n) x acc(n — o)
. |

acclo »n)  AN(n)
accn — o)  N(o) expi—Bid(n) —Ulo]lj




fiGE s J LR

oefo ) Nn) |
acc(n — o) - N (o) =expi—pPlU(n) —U(o)l]

— MR J LG (Metropolis)

N(n)/N(o) if N(n)

acc(o — n) <
] if N'(n) > N (o)

TSR ERNIHESRN R Un) > Ulo)
acc(o = n) =exp{—plUM) —U(o)]} < 1

PEAE A0 [AI 21 AT I BERL A, AW 5352



- H- Ly
— N FIMCHELL

....................................................................... e,
1. FENLRTEEE— N T, TETE
ftige U (Y
2. FEHL 28— N iZkiF AL
Br=r+A , HTHEHERTH
At U(r'™) (MarkovFE)

; 3R]

7 T+ ] LA 34 55 1 acc(o — n) = min (1,exp{—B[U(r’N) — U™ )}})
4. FHHE (1-3) , IEELER,

Ll

—MMonte CarloV X ™ % B A BRI —i4.

7




R 3
MCH BT R A KR Sl e BEALEYT, AN e O T I2 5 5 2 5
HA T e M i CGERIR! O .

o x{ — xi+A(Ranf—0.5)
SEF yl = yi+A(Ranf—0.5)

R El < ekt z{ — z;+A(Ranf—0.5)
54730 VA B e P (1 VA R NG B
CQQOQOQOQOC
OOOO00

@ %. %"
‘.‘ .'. (
fiz7) [0000®

MO

AR B
35/%@21’%@] < *j—[%;%lt

\ R RS RN, WAL IR



\ LD . 12 6
TR R Wi(r) = de [(g) -(9) ]
100 ] > ) ¥ | v I Y/ v | I 1 ¥ 1
0.8 -
8.0 :
6.0 - 04 F j i
o )
4.0 - j ‘
0.0 jp-o—o— O\ :
2.0 - > .
0.0 — : 04 L1 I
00 02 04 06 08 1.0 00 02 04 06 08
p
RE TR A RERT
[RE 7=t
P ViIr o
P=—4+ — VII'———ZZf(I‘-ij)-I‘-ij
bV 25 j>1



5 H HiEe

MCEEDAREE M B HiRe, 752 L8y,
—ANE BT AR I PR AR AT I 12 AR

g (X) - e (3D)
AR B A2

UN) = (T =AU+ AN 1
QN |\ T A) = = | dr™ exp[—pU(A)]
= U+ AlUn — Ui) ASTN! J 5
— OF(A) B OU ()
( OA >N,V,T B < oA >>\

AN=1]
) F(A:])-F(A:O):J dA<M>
A A



E RN R ZEMC R
B ECH A 2, MarkovFE AL FE 2R FE R 20 H 13k

04 BRHL Ay T= Y eXpXEL‘E]),VN stN expl—BlU(s™)|
N=0 )
SR A - ; i
ST Nuvr(s™iN) o exp/(\[ii:)lv exp[—BU(s™)]

MEBCPHTZELE: AN(o) x acc(o = n) = AN (n) x acc(n — o)

IR 2]
AE % acc(s — s') = min (1,exp{—|3[U(s’N) _u(st)

f@)\*ﬁ? acc(N - N+ 1) =min {1,

Ag(NMexp{muu(N+n+u(Nm]

BERFLT ace(N = N—1) = min [1, A;/N exp{—PB[u+UN —T) U(Nm}



N

MCT7 21 s 52 iR
MCitHAR 7

TR (5 AR
AR (RIS AT
Metropolis /7 %

0 - i 2R A

THHE HHE

FIE R ZEMCHR D)

Lml




Lecture 3

A BB 7 AR

IR T FAR




Sty

A1 37 SR A1l

Y IR "=
E"-E:IZ@';{& H 4R B -~

VALY,

- T




W 1) 5 2 R T

i
4zix*

FE AR -

f>§ﬁﬁi@

REEVHAL IR,
HTIEWQ@TT@>
gl CIERY (R IaE

> SEAKIEET 7'7
> ZSJJ,U\,QT‘/]
—J‘j—f‘m}_‘dﬁﬁ/g‘

> OE AR i



IR A AT A

ik B A RS




Nif (synthetic) & /1% )5
ANTRT SIEREIL
8 s

il r'

LY

b -— 4ds
—]) UL QM
Dreyfus et al (2005) Nature, Ismagilov et al (2002) Angew.
Ghosh et al (2009) Nanolett Chem,Manesh et al (2010) ACS Nano
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, 2H* + 2e" + H,0,
fluid flow —s

2H* +2e +0, 2H,0

Kudrolli et al (2008) PRL Paxton et al (2004) JACS
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Synthetic self-phoretic microswimmers

H,0, . 2H* + 2e" + H,0,
fluid flow —
. -Il
self-electrophoresis o
2H* + 26 +0, 250
Paxton et al (2004) JACS

2H,0, =% 2H.0 + O,

L] - &

self-diffusiophoresis ',:_'__.‘* P
_—_— -
Howse et al (2007) PRL
(a)‘o\ © X

Au Silica
self-thermophoresis e ] -
o

Jiang et al (2010) PRL




Synthetic self-phoretic microrotors

self-electrophoresis

Center of drag
— Pt
/ - Au
«

Ru TCcusio/Cr
H', Hz0 s>

Wang et al (2009) JACS

Catchmark et al (2005) Small

self-diffusiophoresis self-thermophoresis

- ‘

Ebbens et al (2010) PRE

Jiang et al (2010) PRL
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chemotaxis

M.

Hong et al (2007) PRL

sedimentation living crysical

Without peroxide With peroxide ' g
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g.sin(0)

» o
.

o ®
’ ° @ o5
P i o 40 el

2°

Theurkauff et al (2012) PRL Palacci et al (2013) Science




Two movies

dilute.mov concentrate.mov

Palacci et al (2013) Science




What we need 1in simulation?

» Colloid-colloid direct interactions

» Colloid-solvent direct interactions )
» Thermal fluctuation

» Dissapation

» Mass diffussion >'
» Heat conduction

» Hydrodynamic interactions )

= Explicit liquid solvent




Hydrodynamic interactions

Mediated by solvent

Continuum limit;

Inertia (per volume)

N\

Navier-stokes ” 3
equation bl
P\ B
N~
Unsteady
acceleration

imcompressible v
condition v

0

V-VYV
VY

Convective
acceleration

Divergence of stress

Pressure Viscosity Other
gradient body
forces

0



Low Reynolds number hydrodynamics

Inertia (per volume)
. . Divergence of stress

”

8V ” _ A -
2
A +v-vv)=—v + uViv + T
v Convective Pressure  Viscosity  Other
Unsteady acceleration gradient body
acceleration forces

Re = Vp/u << 1, external-force free

Stokes equation Y2y = -—1- Vp

m
V-v=20



Challenge:

Separation of relevant scales

mmp Coarse grained solvents

Simulation scheme

"',0

LENGTH SCALES
colloid: 10-1000 nm
solvent: 0.2 nm

TIME SCALES

characteristic time t*
2Dt*=a2

~mna3/kT

colloid: t*~107-1073s
solvent: t* ~ 107125

Hybrid mesoscopic simulation:

LColloid:

' Solvent:

Coarse graining method

Molecular dynamics (MD)




Coarse graining
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Coarse graining solvent

Colloid-solvent direct interactions
Thermal fluctuation

Dissapation

Mass diffussion ‘

Heat conduction - Local conservation of mass,
Hydrodynamic interactions )  energy and momentum

Correct equilibrium description
H-theorem

Galilean invariance

Isotropy

High efficiency

Starting point for construction: basic conserved quantities




Important coarse graining methods

* Brownian dynamics
 Lattice Boltzmann method

* Dissapative particle dynamics
* Direct simulation monte carlo

* Multiparticle collision particle dynamics




Brownian motion
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Brownian dynamics simulation

translational Langevin equation

SOLLLLLE TN estRT RN, e, Y,
o* ., . LS *e
* . * - . *
* * * . N .
o * o \ - % .
oo : . . d “ - - -
" [} L s u . " .
— W [ = H = » = [
 — N . . u .
lI — N . » = " - s
. N . h . ol . »
* - . v . r . 0
* * * - . - . N
*e . . o o N . R
ey .s* . o* . * ‘e, o*
RETTTT A0 ®apguns® tant Tamus

friction interparticle

(m) =0 (ni(t)n;(t')) =2D:16;;6(t —t')

Einstein relation Dt = BT/ Yt

(overdamped) r — Fde/’}/t 1 F/fyt 4+ n

long-time scale



Brownian dynamics simulation

e rotational Langevin equation
- €
(underdamped) I = - Yo a} —+ ’%a g ;
friction stochastic

&) =0 (&i()&;(t)) = 2Dr10:50(t — ')

(overdamped) e = € X e

long-time scale
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Coarse graining solvent

Colloid-solvent direct interactions
Thermal fluctuation

Dissapation

Mass diffussion ‘

Heat conduction - Local conservation of mass,
Hydrodynamic interactions )  energy and momentum

Correct equilibrium description
H-theorem

Galilean invariance

Isotropy

High efficiency

Starting point for construction: basic conserved quantities




Multiparticle collision dynamics method

continuous positions ri(t)
N point particles { continuous velocities vi(t)
discrete time increment |

Dynamics in two steps:
» Streaming
» Collision

Malevanets, Kapral (1999) JCP

Kapral (2008) Adv. Chem. Phys.
Gompper et al (2009) Adv. Polym. Sci.

Padding and Louis (2006) PRE




Streaming step




Collision step

e Particles are sorted into collision boxes

e Interchange momentum within the particles of the box.

\;(t+h)

o center of mass velocity e stochastic rotation by angle
n;
ZjEOIf mv](t>
ng
ZjEC,f m

ch,i(t) = vi(t+h) = ch-,i<t) + Rie] [v(E) — chﬂl(t>]




Rotational collisin in 2D

| R e

B -
Ee BB ( <D&%:tan&>

5.8
NN\ 72 NN\~

Fsina  COs

NNY 1NN NN

/ ‘/«-X \ b Stochastic rotation dynamics

Streaning




Rotational collisin in 3D
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Rotational collisin in 3D

e Random direction R = (R,, R, R.)

random numbers 7, 79 €[0, 1] 4
( — R
R:c — 1 — 90% COS 2
1 =2r—1 o
P = 27Ty ) Bo= 1~ er s
. R, = Y1

e Rotation of v around R by an angle a

v — ¢ =R(a)v

{V(R-V)R
V =¥ VI

VJ_:V_VH




Conservation of mass, momentum and energy

» Streaming step locally conserves everything!

» Collision step locally conserves mass

» In cell level, collision locally conserves momentum

(i,t) (i,t) (,t)

Z mv;(t+h) = Z m ( amakt) + Ria) [vylt) — V(.,m:(l‘)]) = Z mv;(t)

J 7 ]

» In cell level, collision locally conserves energy
(i,t) (i,t) (i,t)

Z n)z J)(f T h) - Z % ( cm, l( )+ R((l) [ < ) e ch.i.(f)])? = Z %I’JZ(YL)

4 J J

( Hydrodynamic behaviors
—— Heat conduction (microcanonical ensemble)
Mass transport

( Thermal fluction (intrinsic)




Anderson thermostat MPC

Collision rule:

ran 1 ran
V,ﬁ(t 1 h) — ch,i (t> i V; o FC; Z VJ

" jecell

ran . . . .
Vi random number from Maxwellian distribution

N, the number of particles in collision cell

Locally conserve mass and momentum, but not energy
(canonical ensemble)



Coarse graining solvent

Thermal fluctuation
Dissapation

Mass diffussion

Heat conduction
Hydrodynamic interactions
Correct equilibrium description
H-theorem

Galilean invariance

Isotropy

High efficiency




Galilean invariance

System with v =0 System with v # (

Breakdown of Galilean invariance




momentum is enhanced
smoothed (uniform)

recovered
» Collisional interaction i1s

e (Galilean invariance is
e Collisional transfer of

N
i
=
N
o ) \ e
4 o
d ﬁ”
av =
o' L’
‘e
o' o

T

o
f
;
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MPC units and parameters

L
N Mass unit: m = particle mass
1= 1 .,._._ Length unit: « = collision box size
@ la Energy units: kg7 = system temperature
: W S e e i s R

Streaming: r;(t+ h) = r;(t) + hv,(?) .~ Collision time:
Collision:  vi(t + h) = veni(t) + R(a) [vi(t) — Vem.i(t)] Rotation angle: [a]

N
e Number density |pl= —
a

k"
e Mean free path A\ =h LQ
ma




Velocity distribution and equation of state

11.2

10.8

10.4

10

number density of particle

MPC: liquid-like dynamics, but gas-like thermodynamics

simulation
PlkgT

O

0.95

1.05




Viscosity and diffusion

Kinetic (terms below
Transport coefficient Dimension (d) to be multiplied by kzgT7/2m)

Collisional (terms below
to be multiplied by a?/7)

2 M
(M~=1+eM)sin(a)

Shear viscosity, v

-6(11—M(M— l+e™M)[1-cos(a)]

1

1
3(d+ 2)M(l _H)U ~wos(a)]

3 SM :
(M—-1+e™M)[2—-cos(a)—cos(2a)]
2
i 1vity, { 2d(7-d 1
Thermal diffusivity, Dy a B +_( o)
3 1 —cos(a) M\ 5 4
2
Self-diffusion coefficient, D dM P
. [1-cos(a)](M-1+e™)
15 1.5 r———r—
1.0 1.0
. . > >
V1SCOS1Ity
05 F 0.5
0.0 e 0.0 = 1
0 45 90 135 180 0.0 0.5

1.0 1.5



Important dimensionless number (I)

> Schmidt number Qe diffusive momentum transfer /
Dy diffusive mass transfer

Liquid: Sc¢> 1| (simulation ~ 10)

10° E ]
0=130,p=30 ———
) 0=130, p=5 ——
10 0=90, p=5 ——
0=45, p=5 ——
o=15, p=5 ——
N 101
10"
-1 l i 1
10
10 107 b 10" 10!




Boundary conditions

* Periodic boundary
 Stick (noslip) wall boundary streaming step
* Slip wall boundary

LIS LI LIS AL LI LIS LIS IT 117 A SIS LIS A S 7 77 s




External flow: shear and capillary

Shear flow Capillary flow
° ° °
® O ® O ® O [ :
»u=yL g . 1l
> o o o e e e — | iF
@ ® L I ::.
o o o0 0o — -
o o o o o o .
D
© o ©
® O ® O
1=—yLy<
O O O © @ @ o o L T
Lees Edwalds external force+stick boundary
T..‘I. ||||| |<=
~"u~ 51
LN =14
e I
\‘l
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i
o
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e~ 1
o !
" A T N B N I




temperature and density distribution

Thermostat and temperature gardient
Define hot and cold layers; rescale particle thermal energy

o
o
o
o
o
)
boundary thermostat




Chemical reaction and concentration gardient

Define reaction layers; change particle's species

ERaanE

boundary reaction concentration distribution of species A



Colloid-solvent coupling: molecular dynamics
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X 37—
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\d b : b
o o 2k ':
[ ] - [l
= V(r) ;
., y
[} ° 1 - :
ia__o .
1 ':\rLJ
[ ] [
0F :‘ R =1
[ LJ
-1 I . I
0 1 i 2 3




Combine MPC with MD

e Solvent - solvent interactions:

e Solute - solute interactions: MD

e Solute - Solvent interactions: MD

.
- dt MD time integration: solute & solvent

h \ h MPC interaction: only solvent-solvent collisions




Important time scales

Heat conduction:

Colloid mass diffusion :

Momentum diffusion:

In experiments

In simulations

7. = 0% /K K.~ heat diffusivity
D = 02/D D .- diffusion coefficient
T — (72/V V.- kinematic viscosity
TD = T = Tu
D P
— ~ 107 —~5

Ty Ty



Important dimensionless number (1I)

» Reynolds number Re = Usd inertial force / viscous force

V

Low Reregion Re<<1 (simulation<0.1)

» Knudsen number Kp = Afree mean free path / particle size
a

Liquid (continuum) Kn <] (simulation < 0.05)



Examples of flow field
flow past sphere with high Re with low Re
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polymer in shear




(1) Colloidal thermophoresis

Repulsive —» thermophilic Attractive —» thermophobic

| ' ! ' | ! I I IJ_ ! I I I !
_ 0.0 W—»-mv*

Fr

' 20 Lo

4000 8000 0 50000 100000

boundary thermostat

Luesebrink, Yang, Ripoll (2012) JPCM




Thermophoretic flow field

‘ 1 I I
‘ a) Va,C [ )
I 0.004 3\ Vi
- \
Va \?
o 0.002 \\ i
88 o
)| et 0.000 [ ?,rg,,-,!,%é,.,,,,%.8,2,.&.3,...,_
T i I I
" simulations m
/ }? b) Stokes =~ ——-—
L -0.002 | \\ .
\\
e
‘“El.ﬁ Oppm®"n
0.000 '1'"!_"5"5'9‘!1__ —
. . 0 2 ¢ 4 6
flow around thermophoretic colloid

comparison with theory

thermophoretic force = friction

R3

Yang, Ripoll (2013) Soft Matter




Va
0.000 :
.: | | 1 [ |
=\ b | j I T
\ simulatons m |
unbounded =——-—
-0.004 |- \ cte bf app weeses _
\ reflection ——
v, | J

flow around fixed thermophoretic colloid

flo
comparison with theory

nonvanishing thermophoretic force

1 R?
) — — Iy I)-f
vir) 8mnr (s + 1) -dpt 8mnrs3

(38F — 1) - f1

(for infinite system)




Hydrodynamic attraction

1L
) 0
e
o ' ‘ ‘ ! boundary wall effect
aal | Yang, Ripoll (2013) Soft Matter
;f 0.2 G .
8 %o
£
0.1 \\_
0.0 | 1 I |
6 9 12 15 18

separation (a)

2D colloidal crystal

hydrodynamic attraction between particles
Weinert, Braun (2008) PRL




Single-particle microfluidic pump




(2) Self-thermophoretic microdimer

Yang, Ripoll (2011) PRE




Puller




Pusher
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(3) Self-phoretic Janus particle

A
L1 | (R (R S S— Le
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VKN = AR EEA

Yang et al, (2014) Soft Matter




Rotational dynamics of passive particle

(n(tyn()}
' (n(7)-n(0)) = exp(—2D,1)

01
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o3 rl?_--é-é' | }1—1}3 w(t)-w(0)) = <w2>exp(—CEt/1)
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g 10° |

i Y : Wkij
100 E i i e lim (w(t) - w(0)) =
107" 10° 10’ 10 tggo< (£) - w(0)) mp(ry)(4dmvt)5/2




Self-thermophoretic Janus particle

Y VAR
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Self-diffusiophoretic Janus particle

2.0

—
OA
1.5 — @B
U(r)/ksT
(kg \.B
0.5 .
OO 8 "__-—"'}rS """""" =
-0.5 '
0.95 1.10 1.15

J L7 W0 L ) A







0.01

0.00

-0.01

-0.02

Self-propelled velocity
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(4) Self-thermophoretic microgear

* homogeneous material
* asymmetric geometry

Yang, Ripoll (2014) Soft Matter




1.05

1.00

0.95

0.90

60IIIIIIIIIIIIIIIIIIIII
45 50 x 55 60




i

.111:1111.11111:




4
® /10
0
-4
1
0
{wno*
-
-2
-8_00t/105.1 L | .|.|.\.\| <3
0 t/10° 1 -5 0 o 5 10 15
rotational angle angular velocity
22142 N1 R
=~/ /A24V]1\ A
W= — — atkgAT:Z

TN Ry"



(5) Self-diffusiophoretic microgear

gear catalyze chemical reation concentration distribution
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